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Providing access to on-demand energy at the global scale is a grand challenge of 
our time.  The fabrication of solar cells from nanocrystal inks comprising earth abundant 
elements represents a scalable and sustainable photovoltaic technology with the potential 
to meet the global demand for electricity.  Solar cells with Cu2ZnSn(S,Se)4 (CZTSSe) 
absorber layers are of particular interest due to the high absorption coefficient of CZTSSe, 
its band gap in the ideal range for efficient photovoltaic power conversion, and the 
relative abundance of its constituent elements in the earth’s crust.  Despite the promise of 
this material system, CZTSSe solar cell efficiencies reported throughout literature have 
failed to exceed 12.6%, principally due to the low open-circuit voltage (VOC) achieved in 
these devices compared to the absorber band gap. 
The work presented herein primarily aims to address the low VOC problem.  First, 
the fundamental cause for such low VOC’s is investigated.  Interparticle compositional 
inhomogeneities identified in the synthesized CZTS nanocrystals and their effect on the 
absorber layer formation and device performance are characterized.  Real-time energy-
dispersive x-ray diffraction (EDXRD) elucidates the role of these inhomogeneities in the 
mechanism by which a film of CZTS nanocrystals converts into a dense absorber layer 




(selenization).  Additionally, a direct correlation between the nanocrystal 
inhomogeneities and the VOC in completed devices is observed.  Detailed characterization 
of CZTSSe solar cells identifies electrical potential fluctuations in the CZTSSe absorber 
– due to spatial composition variations not unlike those observed in the nanocrystals – as 
a primary VOC inhibitor. 
Additional causes for low VOC’s in CZTSSe solar cells proposed in the literature 
involve recombination at the interface between the CZTSSe absorber and: (1) the n-type, 
CdS buffer layer, or (2) the Mo back contact, and work is presented to address these 
issues.  A chemical-mechanical polishing procedure is developed to afford modification 
of the CZTSSe absorber surface, and in turn the CZTSSe/CdS interface.  However, such 
treatment results in a failure of the resultant solar cells to produce any photogenerated 
current without annealing/selenizing the absorber again prior to the deposition of CdS.  
For nanocrystal-based CZTSSe solar cells, the possibility of VOC limitations due to back 
surface recombination may be related to the formation of the C- and Se-rich layer of fine 
grains between the CZTSSe layer and the Mo contact, which is largely attributed to the 
long-chain organic solvent and ligand typically utilized in formulating the nanocrystal ink.  
CZTS nanocrystals are synthesized using a lighter but chemically similar organic solvent, 
and while films selenized from these particles appear to contain qualitatively less carbon, 
devices with these absorbers fail to produce noteworthy efficiencies. 
 Finally, Cu2MnSn(S,Se)4 (CMTSSe) is investigated as a proof-of-concept PV 
material due to its structural similarity to CZTSSe and the magnetic properties of Mn, 
which may prove advantageous in spintronic photovoltaic hybrid devices.  While initial 
results demonstrate diode behavior and photoresponse from a CMTSSe/CdS junction, 




CHAPTER 1. BACKGROUND AND INTRODUCTION 
1.1 The Energy Crisis and the Potential of Photovoltaics 
In industrialized and developing countries, the need for plentiful, on-demand 
energy is rampant.  The total global energy consumption in 2013 was greater than 93 
billion barrels of oil equivalent, and fossil fuel energy sources (i.e. coal, oil, and natural 
gas) contributed nearly 87% of this demand.1   Known oil reserves are projected to last 
for roughly 50 more years at the current rate of global consumption;1 however, the rate of 
consumption is projected to increase between 150 and 200% by 2040.2  The construction 
and implementation of an integrated alternative energy infrastructure will be a very time 
intensive endeavor, so it is essential to be working now to develop suitable alternative 




Figure 1.1 Left: Reserves-to-Production (R/P) ratios for oil, coal, and natural gas as of the 
end of 2013. Right: Percentage of global energy consumption in 2013 by fuel.  Data 
obtained from [1]. 
 
Photovoltaic (PV) technology provides a relatively clean, durable, safe and 
abundant source of renewable energy and requires little to no maintenance; as an example 
of the tremendous abundance of solar energy, the projected global energy consumption in 
2020 could be produced by a PV farm covering a square region roughly 425 miles on a 
side in the American southwest3 – just over 6% of the total contiguous U.S. land area.  
The global flux of solar radiation exceeds global fossil fuel consumption by several 
orders of magnitude.2,4  Thus, even after accounting for practical PV module efficiencies 
and installation scales, solar energy promises to serve as a leading alternative energy 
source for the future.  In particular, thin film inorganic solar cells from earth abundant 





Figure 1.2 Energy production potential for various renewable energy sources compared to 
global fossil fuel consumption in 2000, 2010 (solid line), and projected for 2040 (dotted 
line).  Figure adapted from [4].  2010 and projected 2040 fossil fuel consumption data 
obtained from [2]. 
 
1.2 Photovoltaic Materials 
Until recently, PV has been primarily limited to niche, off-grid applications (e.g. 
consumer electronics and satellite power supplies), largely due to the high cost of these 
modules compared to conventional energy sources such as petroleum, coal, and natural 
gas.  Originally, crystalline Si (x-Si) and GaAs dominated the PV market.  Although 
crystalline GaAs offered higher efficiencies, x-Si became more popular due to its lower 
manufacturing cost.6  In the second half of the 1990’s, x-Si module power conversion 
efficiencies began to plateau around 25%,7 and the technology still could not compete 
economically with conventional primary energy sources.  Multi-junction devices were 
developed in the 1970’s and offered improved efficiencies but also incurred high costs 




manufacturing costs for Si modules have dropped significantly, from above $2.00/W in 
2010 to roughly $0.60/W in 2013,8 but the ability to fabricate these devices on the 
targeted TW scale is still over a decade away under the current trend.9  However, with the 
emergence of organic PV (OPV) and thin film inorganic solar cell technologies, 
competitively priced PV modules can conceivably be produced in comparatively high 
throughput industrial processes.5,10,11  Although inexpensive and scalable, OPV 
technology has been limited by its tendency to degrade quickly over time as well as 
relatively low power conversion efficiency; however, recent progress in the field has 
culminated in a record efficiency of 11.1% for organic cells.11  Inorganic thin film 
materials are direct band gap materials and thus exhibit higher absorption coefficients 
than x-Si, as well as stability over time, comparable high efficiencies, minimal material 
use requirements, scalable deposition processes, and high-throughput production 
capabilities; examples of these materials include amorphous Si (a-Si) and polycrystalline 
binary, ternary, and quaternary compounds – e.g. CdTe, Cu(In1-x,Gax)(S1-y,Sey)2 
(CIGSSe), and Cu2ZnSn(S,Se)4 (CZTSSe), respectively – composed of group I-VI 
elements.12  These polycrystalline materials can be grown by vacuum- or solution-based 
processes.12–24  For CdTe and CIGSSe, vacuum-based processes generally produce 
devices with higher device efficiencies,12–14,21–24 but these processes require large capital 
investments in deposition systems that are not easily scalable.  However, solution-based 
processes offer the potential for thin films with nanoscale composition uniformity and 
afford the opportunity for readily scalable ink-based deposition or printing methods that 




Recently, thin film solar cells with polycrystalline p-type CIGSSe absorber layers 
have emerged as a commercially viable option for PV modules.  The record lab-scale 
power conversion efficiency for CIGSSe devices is nearly 22%,24 and typical and 
champion module efficiencies of ~12% and 16%,26,27 respectively, are achievable on a 
large commercial scale.  Still, In is a relatively scarce element, leaving its long-term 
availability in question.25  On the other hand, Zn and Sn are comparatively abundant in 
the earth’s crust.28  This fact and the structural similarity of kesterite CZTSSe to 
chalcopyrite CIGSSe render CZTSSe a very attractive alternative PV material.  Wadia et 
al demonstrate notable advantages of CZTSSe over CIGSSe with respect to materials 
availability and electricity production capacity.29  Since 2001, CZTSSe lab-scale record 
efficiencies have leapt from 2.6%30 to 12.6%.20  It should be noted that the highest 
CIGSSe and CZTSSe efficiencies are achieved using absorbers that deviate from 
stoichiometric composition.  CIGSSe absorbers with Cu/(Ga+In) values ranging from 
0.70 to 0.85 (a value of 1 would adhere to stoichiometry) consistently yielded devices 
with impressive efficiencies greater than 19%;23,31 similarly, it has been shown that Cu-
poor and Zn-rich CZTS nanocrystals lead to better device performance than 
stoichiometric particles.18,25,32  Indeed, CZTSSe promises to play a major role in the 
development and large-scale implementation of PV technology if CZTSSe-based devices 
can be produced with efficiencies competitive with the best performing CIGSSe and Si 
modules. 
One promising model for the economical large-scale production of PV modules 
involves “printing” inks of semiconductor nanocrystals onto substrates in a continuous 




up to a few microns in total active device thickness – comprising CIGSSe absorber layers 
processed from nanocrystal inks have achieved solar power conversion efficiencies up to 
15%13 and require the use of minimal amounts of material due to the high absorption 
coefficient of CIGSSe.  Still, the relative scarcity of In causes concern regarding the long-
term viability of this material system, particularly considering the widespread use of In in 
other microelectronic technologies.25 
1.3 Present Limitations in Cu2ZnSn(S,Se)4 Solar Cells 
The CZTSSe material system offers significant potential as a sustainable 
alternative due to the earth abundance of Cu, Zn, Sn, and S, a high absorption coefficient 
comparable to CIGSSe, and a direct band gap energy ideally suited for the maximum 
theoretical power conversion efficiency achievable by a single-junction solar cell.25,33  
CZTS nanocrystals have been synthesized by various methods.34  Syntheses at 
atmospheric pressure use organic solvents with high boiling points – such as oleylamine 
(OLA), octadecene (OD), oleic acid (OA), trioctyl phosphine oxide (TOPO), 
hexadecylamine (HDA), or mixtures thereof – to enable reaction temperatures between 
225 and 300 °C.18,35–41  These recipes either use a purely solvothermal approach,37 where 
all precursors are added to the reaction vessel at room temperature and heated to the 
reaction temperature together, a hot-injection technique18 in which only the solvent is 
heated to the reaction temperature and then the reaction precursors are injected into the 
vessel, or a hybrid method35,36,38–41 where some precursors (e.g. cations) are added to the 
vessel at room temperature but the remainder are injected after the solution is heated.  
Typically, elemental S or Se is used as the anion precursor;35–37,39 however, thiourea,40 




diethyldithiocarbamate)41 have been used to provide the chalcogen anion to the reaction.  
Addiontally, thiols such as dodecanethiol (DDT) have been used as the sulfur precursor, 
though this generally leads to the formation of wurztite rather than kesterite CZTS 
nanoparticles,42–45 which have not yielded devices with competitive efficiencies.45  
Solvothermal synthesis recipes at autogenous pressures in an autoclave have also been 
developed and typically utilize lighter solvents such as ethylene glycol (EG) and ethylene 
diamine (EDA).46–51  These recipes typically lead to the formation of nanoparticle 
aggregates rather than well dispersed suspensions, likely due to chelation effects of the 
EG and EDA ligands.52 
While many routes to CZTSSe photovoltaic absorbers have been investigated53 – 
including spray pyrolysis;54–62 evaporation and sputtering techniques;15,16,63–72 
photochemical,73 pulsed laser,74–77 and electrochemical deposition processes;78–87 and sol-
gel88–92 and solution-based methods18–20,93–97 – CZTSSe solar cells processed from a 
hydrazine-based precursor solution have achieved the record efficiency of 12.6%,20 
exhibiting the capability of this material.  Yet, the hazards associated with hydrazine may 
inhibit the adaptation of this particular method for large-scale industrial production.  
Numerous groups have reported the solution-based synthesis of CZTS nanocrystals using 
relatively benign solvents,18,34–37,98 and power conversion efficiencies reported for 
devices fabricated from films of such nanocrystals reach as high as 9.0%.18  Similarly, 
devices processed from Cu2Zn(Sn,Ge)S4 (CZTGeS) nanocrystals have achieved 
efficiencies as high as 9.4%, benefitting from band gap tuning due to the partial 
substitution of Sn with Ge.99  In order to achieve these efficiencies, the nanocrystal films 




and the substitution of S with Se in the crystal lattice.18,34,98–100  In turn, the film becomes 
inherently better suited to function as a solar cell absorber layer. 
Despite its significant promise, the CZTSSe material system presents a number of 
challenges that have thus far inhibited device efficiencies and, in turn, its 
commercialization; in particular, low open-circuit voltages relative to the CZTSSe 
absorber band gap represent the primary limitation to device efficiencies.16,18,20  Several 
possible explanations for such low VOC values have been proposed in literature.  Low 
band gap impurity phases such as SnS(e) and Cu2SnSe3 may exist locally within the 
absorber film and reduce the VOC.101,102  Due to the stability of compounds composed of 
the CZTSSe constituent elements – namely binary copper, zinc, and tin sulfide and 
selenide compounds as well as ternary copper tin sulfide and selenide – the composition 
range in which the quaternary CZTSSe phase grows instead of these other phases is 
small.103  Various examples of the formation of undesirable secondary phases during the 
growth of CZTSSe nanocrystals and films have been reported in the literature.62,104–106  
Moreover, compositional inhomogeneities have been identified within individual CZTS 
nanoparticles synthesized by several recipes.107  Additionally, forming large CZTSSe 
grains generally requires processing at high temperatures (e.g. 500-600 °C), such as the 
aforementioned selenization step to coarsen a film of CZTS nanocrystals into a dense 
CZTSSe absorber layer with micron-sized grains.  Multiple groups have reported and 
studied the instability of the quaternary CZTSSe phase at such elevated temperatures in 
the absence of a sufficient stabilizing chalcogen vapor pressure.17,108,109  Chen et al have 
also calculated that intrinsic nanoscale defects, such as copper and selenium vacancies, 




energies in quaternary CZTSSe.103  While some such defects serve as the p-type dopants 
that favorably contribute to the CZTSSe free carrier density (i.e. copper vacancies and 
copper-on-zinc antisite defects), others introduce deleterious mid-gap defects or even n-
type dopant sites.103  In the context of these defects, Scragg et al have observed an order-
disorder transition related to copper and zinc intermixing upon annealing CZTSe above 
or below a critical temperature of roughly 260 °C.110  Recently, several groups have 
reported work to characterize the nature of VOC limitations in CZTSSe solar cells using 
several optoelectronic analysis and simulation techniques.111–118  The results of these 
studies suggest the spatial variations in the conduction and valence band edges that arise 
from nanoscale electrostatic defects as well as physically larger impurity phases with 
differing band gaps – collectively referred to as potential fluctuations – account for the 
reduced VOC values reported for CZTSSe devices throughout literature. 
Other reports point to interface phenomena at the CdS/CZTSSe junction or Mo 
back contact as the culprit for low VOC in CZTSSe devices.  Conventional analysis of the 
temperature-dependent current-voltage characteristics for CZTSSe cells yields a 
recombination activation energy less than the absorber band gap, which is commonly 
attributed to recombination losses at the CdS/CZTSSe interface.25,119  Several causes for 
such losses have been proposed, including an unfavorable band alignment between CdS 
and CZTSSe or Fermi-level pinning at the interface due to a high density of defects or 
impurity phases at the CZTSSe absorber surface.101,112,120  Notably, a comparison of 
devices with sulfur-containing and pure selenide CZTSSe absorbers suggested that the 
inclusion of sulfur may be responsible for a recombination activation energy less than the 




proposed as causes for voltage losses.  Contributions to the series resistance across the 
device from a ZnSe impurity phase detected at the back of the absorber71,105 as well as a 
thick MoSex layer that may form during the selenization process121 represent one such 
cause for low VOC.  The light-dark crossover observed under forward bias in current-
voltage characteristics for CZTSSe cells has been attributed to a voltage-limiting 
blocking back contact due to the band alignment at the CZTSSe/Mo interface.120  
Additionally, CZTSSe device simulations have posited the carbon- and selenium-rich 
fine-grain layer commonly observed at the back of nanocrystal-based CZTSSe 
absorbers18,98,99,122 as the reason for a low built-in potential (VBI) measured for these cells, 
which in turn is expected to inhibit the VOC.123 
This thesis presents work to address many of these issues.  Challenges facing the 
synthesis of compositionally homogeneous CZTS nanocrystals and CZTSSe absorber 
layers are discussed in Chapter 2, and a real-time study of the role of interparticle 
composition inhomogeneities in the selenization mechanism is presented in Chapter 3.  
Given the discrepancy between record CIGSSe and CZTSSe device efficiencies in spite 
of the similar properties between the two material systems, it is important to understand 
the differences in fundamental device characteristics for CIGSSe and CZTSSe cells 
fabricated in a similar manner in order to make directed improvements in CZTSSe device 
performance.  In Chapter 4, a detailed comparison of device performance analysis for 
champion CIGSSe and CZTSSe solar cells fabricated from nanocrystal inks is presented, 
and furthermore, a method for the generalized analysis of CZTSSe device characteristics 
that accounts for non-ideal behavior is developed and applied to real cells.  Additional 




with the intent of improving the CZTSSe/CdS interface is presented in Chapter 5, and 
efforts to reduce the amount of residual carbon in the selenized absorber film – and in 
turn minimize or eliminate the fine-grain layer – by synthesizing CZTS nanocrystals with 
low-boiling organic solvents/ligands are described in Chapter 6.   
Cu2MnSn(S,Se)4 (CMTSSe) represents an interesting alternative absorber 
material due to its structural similarity to CZTSSe, the abundance of Mn in the earth’s 
crust, and its ferromagnetic properties, which may be useful in directing absorber growth 
or photogenerated carrier collection as well as in spintronic devices.  Chapter 7 presents a 
background of the existing literature reporting investigations into this material system 
and discusses work to establish a proof of concept CMTSSe-based solar cell. 
1.4 Characterization Techniques 
The following sections describe the typical material and optoelectronic 
characterization methods utilized in the ensuing chapters to analyze experimental 
nanoparticles, thin films, and solar cells.  Unless otherwise noted, the techniques were 
performed as described here. 
 X-ray Diffraction 
X-ray diffraction (XRD) was utilized to analyze the crystal structure of 
synthesized nanocrystals and absorber films.  Three different angle-dispersive 
diffractometers were used: a Scintag X2 in the θ-θ configuration, a Bruker D8 Focus in 
the θ-2θ configuration, or a Rigaku SmartLabin the θ-θ configuration.  For the purpose of 
this work, there is no particular advantage to one configuration over the other; rather, the 
different instruments were used due to their availability at different times throughout the 




(λ = 0.1541 nm), and scan rates were 6.5° 2θ/min. or slower (especially for 
nanocrystalline samples) to provide sufficiently high signal-to-noise (S/N) ratios.  The 
strong signal near 40.5° 2θ in all samples corresponds to diffraction from the 110 planes 
in the Mo coating on the soda-lime glass substrate. 
 Electron Microscopy Techniques 
Electron microscopy (EM) was performed to measure the size of particles or 
thickness of films as well as to analyze the elemental composition of the samples.  
Transmission electron microscopy (TEM) was performed using an FEI Titan (Chapter 2) 
or Tecnai (Chapter 7) microscope with a LaB6 filament and 200 kV accelerating voltage.  
Scanning electron microscopy (SEM) utilized an FEI Quanta FEG dual-beam SEM with 
an energy-dispersive x-ray detector to obtain images of cross sections of selenized films 
and to perform energy-dispersive x-ray spectroscopy (EDS) compositional analysis on 
the nanocrystals. 
 Raman Spectroscopy 
Raman spectroscopy was performed using a Horiba/Jobin-Yvon LabRAM HR800 
confocal microscope with a 633-nm He:Ne laser.  Neutral density filters were used to 
reduce the intensity of the radiation illuminating the sample to less than ~0.2 mW (with a 
spot size roughly 10 μm in diameter) in order to avoid sufficiently heating the sample to 
affect the measurement.  Peak fitting for the Raman and XRD data was completed with 
the Horiba/Jobin-Yvon Labspec 5 software. 
 Current-Voltage Characteristics 
Room-temperature current-voltage (IV) characteristics were obtained using a 




a temperature-controlled stage held at 25 °C.   Illumination was provided by a Newport 
Oriel Sol3A Class AAA 450-W xenon arc lamp solar simulator (model #94023A) with an 
AM1.5 filter set and calibrated to one sun intensity using a Si reference cell (Oriel 
91150V) certified by NIST.  Typical device efficiencies reported herein represent the 
total area efficiency for 0.47-cm2 cells.  Temperature-dependent IV characteristics 
utilized a Lake Shore TTPX cryogenic probe station and a Newport 300-W Xe arc lamp 
with neutral density and AM1.5 filters as the source of illumination.  Analysis of the 
diode characteristics was performed according to the method described by Hegedus and 
Shafarman.124  The temperature-dependent IV measurements in Chapter 4 were 
performed by first allowing sufficient time for the sample temperature to equilibrate with 
that of the stage (~2 hr. at the lowest temperatures).  After the temperature equilibrated, a 
forward bias treatment (source 1 mA/cm2 current for 5 min., ensuring the measured 
voltage stabilized) was applied immediately before performing the IV sweep in order to 
avoid complications with metastabilities observed in the devices without the forward bias 
treatment.125 
 External Quantum Efficiency 
External quantum efficiency (EQE) data was collected using a home-built 
apparatus comprising a Newport 300 W Xe arc lamp source, Oriel Cornerstone 
monochromator, Stanford Research Systems current preamplifier (model SR570), and 
Stanford SR830 lock-in voltage amplifier coupled to a Stanford SR540 chopper 
controller set to 157 Hz to isolate the AC EQE response from the DC background signal.  
Calibrated Si and Ge photodiode sensors (Newport 818 series) were used to normalize 




light formed a rectangular spot on the sample roughly 1 mm by 2 mm in size and was 
positioned onto the active area in between the fingers of the grids on the device surface in 
order to avoid any losses due to shading.  For voltage-biased EQE measurements, the 
current preamplifier was used to source each bias.  Furthermore, for the full-range (-1 to 
+0.4 V) voltage-biased EQE presented in Chapter 4 utilized a steady light bias with a 
polychromatic lamp, AM1.5 filter, and roughly 1 sun intensity in order to closely mimic 




CHAPTER 2. CU2ZNSN(S,SE)4 SOLAR CELLS FROM INKS OF 
HETEROGENEOUS CU-ZN-SN-S NANOCRYSTALS 
2.1 Introduction 
One disadvantage of the CZTSSe system is the relatively small range of 
experimental conditions in which formation of the quaternary compound is 
thermodynamically favorable over stable binary and ternary phases.103  Thermodynamic 
calculations suggest the stable growth region for quaternary CZTS increases with the Cu 
chemical potential in solution, but the relative formation of Cu vacancies (VCu) and the 
deeper Cu on Zn antisite (CuZn) defect is predicted to be optimal under Cu-poor and Zn-
rich growth conditions.103  Experimentally, the best performance in CZTSSe devices has 
been obtained with Cu-poor and Zn-rich absorbers.20,92  Thus, the solution-based 
synthesis of pure-phase CZTS nanocrystals exhibiting the desired composition for 
optimal performance as a p-type absorber layer proves challenging.  Furthermore, 
quaternary CZTS films have been shown to partially break down into secondary phases 
when heated to high temperatures in grain growth and film densification processes.105,126  
Care must be taken to design selenization processes which yield homogeneous absorber 
layers from quaternary nanocrystals. 
In this chapter, CZTS nanocrystals synthesized according to a previously reported 
recipe35,98 are studied after separation into two populations using a centrifuge.  One 




other contains larger particles with a typical diameter ranging from 10 to 20 nm.  
Furthermore, the particles exhibit notable size-correlated composition variations; the 
small particles are Cu- and particularly Sn-rich, and the large particles are Zn-rich, 
though the aggregate composition of the mixture of large and small particles grown by 
the synthesis recipe roughly matches the target composition based on the precursor ratios 
used in the reaction.  Compositional and structural characterization indicates the particle 
mixture likely consists of distinct phases rather than fully incorporated CZTS that varies 
from stoichiometry.  Moreover, the different particle classes convert to films with varying 
degrees of homogeneity upon selenization.  Devices fabricated from the large and small 
particles individually perform poorly compared to those processed from the mixture, 
which reach total area power conversion efficiencies as high as 7.9%.  Particles 
exhibiting a narrower composition distribution are synthesized using a modified recipe,18 
and devices processed from these nanocrystals achieve improved efficiencies up to 8.4%.  
The small, Zn-poor particles are found to enhance absorber layer formation during the 
selenization process.  (This chapter is reprinted from Solar Energy Materials and Solar 
Cells, Vol. 123, Carter et al, Cu2ZnSn(S,Se)4 Solar Cells from Inks of Heterogeneous Cu-
Zn-Sn-S Nanocrystals, pp. 189-196, Copyright (2014), with permission from Elsevier.127) 
2.2 Experimental Methods 
 General Details 
All chemicals were used as purchased.  The reaction precursors were copper (II) 
acetylacetonate, or Cu(acac)2 (≥99.99% trace metals basis, Aldrich); zinc (II) 
acetylacetonate hydrate, or Zn(acac)2•xH2O (99.995% trace metals basis, Aldrich); tin 




(≥99.99% trace metals basis, Aldrich), with oleylamine (approx. C18-content 80-90%, 
Acros Organics) as the solvent.  For both nanocrystal synthesis recipes, a 1.0-M 
sulfur/oleylamine precursor solution was prepared and sealed with a rubber septum in a 
15-mL vial in a glove box to minimize the introduction of oxygen and moisture to the 
reaction upon hot injection of the sulfur solution.  For the selenization procedure, 
selenium pellets (≥99.995% trace metals basis, Aldrich) were used. 
 Synthesis Recipe 1 (R1) 
This recipe was published by Guo et al.35,98  While the sealed vial containing the 
sulfur solution was heated to ~60 °C, 1.307 mmol Cu(acac)2, 0.788 mmol 
Zn(acac)2•xH2O, 0.75 mmol Sn(acac)2Cl2, 12 mL oleylamine, and a stir bar were added 
to a 100-mL, three-neck reaction flask fitted with a water-cooled condenser connected to 
a Schlenk line.   Stirred at a rate of 900 rpm, the mixture was degassed first at room 
temperature then at the mixture reflux temperature under vacuum (~135 °C) via three 
cycles of 5 minutes under vacuum and purging with argon.  Under ~1 atm argon, the 
temperature was raised to 225 °C, at which point 4.5 mL of the sulfur/oleylamine 
solution (at 60 °C) were injected through a rubber septum using a syringe.  Upon 
injection of the sulfur solution, the temperature of the reaction mixture fell to ~205 °C but 
recovered to 225 °C within ~5 minutes.  The reaction temperature was maintained at 
225 °C until 30 minutes after the injection of sulfur, when the reaction flask was removed 
from the heat supply and allowed to cool naturally to room temperature. 
 Synthesis Recipe 2 (R2) 
This recipe was published by Miskin et al.18  The modified nanocrystal synthesis 




oleylamine was degassed in the Schlenk line, and a solution of the cation precursors in 
oleylamine was prepared separately from the sulfur-oleylamine solution but in the same 
manner.  Second, both of these precursor solutions were injected into the pure oleylamine 
at 250 °C (rather than 225 °C in R1), and the reaction was stopped one hour after 
injection (rather than 30 minutes). 
 Particle Washing and Size Separation 
The cool reaction product mixture was poured into a single centrifuge tube, using 
hexane to rinse the flask and collect as much of the mixture as possible, and stirred on a 
vortex to ensure uniform mixing.  In order to wash the particles, half of the mixture was 
poured into a second centrifuge tube, and both tubes were filled with isopropanol and 
centrifuged at 14 krpm for five minutes.  After centrifugation, some particles had settled 
at the bottom of each tube, but the supernatant in both tubes remained opaque and black 
in color.  In the standard washing procedure, half of each supernatant would be 
temporarily stored in a glass vial and the other half diluted by filling the tubes with 
isopropanol.  Both tubes would be centrifuged again, and the resulting supernatant – 
exhibiting the translucent, red-orange color of a dilute solution of sulfur in oleylamine – 
would be discarded.  The remaining supernatant from the first centrifugation would then 
be split across both centrifuge tubes and diluted with isopropanol, and the tubes would be 
centrifuged again.  The supernatant would again appear translucent and red and would be 
discarded, and the particles settled in the centrifuge tube would be washed four more 
times by being dispersed in hexane, diluted with either isopropanol alone or a roughly 3:1 
mixture of methanol to isopropanol, and centrifuged.  In this way, nearly all the particles 




This washing procedure was slightly modified in order to investigate differences 
between the particles that settle during the first centrifugation and those that remain 
suspended in the supernatant.  After splitting the mixture of hexane and reaction products 
evenly between two centrifuge tubes, the contents of one tube were washed according to 
the procedure described above.  However, for the second tube, the supernatant from the 
first centrifugation and the particles that settled in the tube were washed separately but 
according to the standard procedure.  Ultimately, the three classes of particles – the 
standard mixture of particles, those that settled after the first centrifugation (large 
particles), and those that remained suspended (small particles) – were collected from the 
same reaction, each with sufficient yield to perform the desired characterization and 
process into devices.  The “mixed” particles correspond to those used by Guo et al to 
achieve a device efficiency of 7.2%.98 
 Selenization 
Particles were dispersed in hexanethiol to form an “ink”, which was coated 
approximately 1 um thick onto Mo-coated soda-lime glass using a doctor-blade technique 
and baked in air on a hot plate at 300 °C for one minute to dry.  The coated films were 
sintered with ~300 mg Se pellets in a graphite box in a tube furnace at 500 °C for 20 
minutes.  Devices were completed by means of chemical bath deposition of CdS, 
sputtering of ZnO and tin-doped indium oxide (ITO), and electron beam evaporation of 
Ni/Al grids. 
 Characterization and Analysis 
TEM images were obtained using an FEI Titan transmission electron microscope.  




radiation (λ = 0.1541 nm) in a Bruker D8 Focus (θ-2θ configuration) diffractometer for 
the nanocrystals and a Scintag X2 diffractometer (θ-θ) for the sintered films.  XRD data 
in Figure 2.2 have been smoothed using a 5-point moving average.  An FEI Quanta 3D 
FEG Dual-beam SEM with an energy-dispersive x-ray detector was used to obtain 
images of cross sections of selenized films and to perform EDS compositional analysis 
on the nanocrystals.  Raman spectroscopy was obtained using a Horiba/Jobin-Yvon 
LabRAM HR800 confocal microscope with a 633-nm He:Ne laser.  Neutral density 
filters were used to reduce the intensity of the radiation illuminating the sample to less 
than ~0.2 mW (with a spot size roughly 10 μm in diameter) in order to avoid sufficiently 
heating the sample to affect the measurement.  Peak fitting for the Raman and XRD data 
was completed with the Horiba/Jobin-Yvon Labspec 5 software; the data presented in 
Figure 2.3 and Figure 2.5 were smoothed using a Fourier Transform prior to peak fitting 
to facilitate the analysis.  Current-voltage characteristics were obtained using a Keithley 
2400 series sourcemeter and 4-point probe technique while the sample rested on a 
temperature-controlled stage held at 25 °C.   Illumination was provided by a Newport 
Oriel Sol3A Class AAA 450-W xenon arc lamp solar simulator (model #94023A) with an 
AM1.5 filter set and calibrated to one sun intensity using a Si reference cell (Oriel 
91150V) certified by NIST.  All device efficiencies reported herein represent the total 
area efficiency for 0.47-cm2 cells. 
2.3 Results and Discussion 
 Characterization of Size-separated Particles 
Transmission electron microscopy (TEM) images of large and small particles 




each class.  A typical view of the large particles is presented in Figure 2.1a; the average 
diameter of the large particles is measured to be 16.0 ± 6.4 nm (see Appendix A for size 
calculation details).  Figure 2.1b presents a high-resolution TEM (HRTEM) image of a 
large particle aligned to the [110] zone axis where the {112} and {004} planes of CZTS 
phase can be observed. On the other hand, Figure 2.1c shows that the small particles are 
nearly monodisperse with typical diameter of 5.1 ± 2.2 nm.  A high resolution TEM 
image further reveals that an inter-planar spacing of 3.1 Å is observed regularly, which 
belongs to {112} planes in CZTS nanocrystals. 
 
 
Figure 2.1 TEM images of large (a) and small (c) particles grown by R1.  HRTEM 
images of large and small particles are depicted in (b) and (d), respectively.  Reprinted 





Energy-dispersive X-ray spectroscopy (EDS) analysis reveals notable 
compositional deviations between particle classes.  The masses of small and large 
particles collected – and therefore the masses of the two classes comprising the mixed 
particles – are nearly equal.  It should be noted that the small particles have a higher 
surface area-to-volume ratio and therefore are likely to contain a greater mass fraction of 
organic ligands.  The relative atomic cation compositions for each particle class as 
revealed by EDS are enumerated in Table 2.1.  Compared to the target composition, the 
large particles are rather Zn-rich, while the small particles are deficient in Zn but rich in 
Sn.  The mixed particles roughly match the target composition despite comprising a 
broad compositional distribution.  Given the observed size-correlated particle 
composition variations and the improbability that Cu-Zn-Sn-S particles would remain 
stable so far from the 2:1:1:4 stoichiometry, it is possible that the mixed particles 
comprise distinct binary and ternary phases together with CZTS nanocrystals. 
 
Table 2.1 Cation ratios calculated via EDS compositional analysis for small, large, and 
mixed R1 particles as well as the target values. 
Sample Cu/(Zn+Sn) 
[avg. ± std. dev.]a 
Zn/Sn 
[avg. ± std. dev.]a 
Cu/Sn 
[avg. ± std. dev.]a 
Small 1.06 ± 0.05 0.37 ± 0.02 1.46 ± 0.08 
Large 0.64 ± 0.03 1.70 ± 0.05 1.72 ± 0.10 
Mixed 0.74 ± 0.02 1.11 ± 0.04 1.57 ± 0.05 
Target 0.85 1.05 1.74 
a EDS spectra were obtained from three different regions on samples from three separate 






Analysis of the nanocrystal structure by means of x-ray diffraction (XRD) 
provides a means of identifying distinct crystalline phases present in each particle class.  
As seen in Figure 2.2, the small particles yield insufficient XRD signal to be reliably 
interpreted due to their short-range crystallinity.  The relatively intense spectra for the 
large and mixed particles appear nearly identical – an unsurprising observation since the 
small particles do not generate much signal on their own – and match well with the 
expected spectrum for tetragonal kesterite/stannite CZTS.  Although the XRD spectra do 
not imply the presence of binary copper or tin sulfides in any of the samples, the spectra 
for tetragonal (space group I-42m) CZTS and Cu2SnS3 (CTS) and cubic (F-43m) CTS 
and ZnS are difficult to distinguish due to the proximity of the peaks attributed to the 
{112}, {200}, {204}, {312}, and {332} planes in the tetragonal phases and the {111}, 
{200}, {220}, {311}, and {331} planes in the cubic structures, respectively.128  In cases 
where XRD spectra for nanocrystalline samples only exhibit the four or five most intense 
reflections, such analysis does not provide sufficient evidence to confirm or refute the 






Figure 2.2 XRD spectra for mixed, large, and small nanocrystal powders with expected 
peak locations for various phases that could be present in the samples.  Reprinted from 
[127] with permission from Elsevier. 
 
Combined with XRD analysis, Raman spectroscopy offers enhanced capability of 
differentiating binary, ternary, and quaternary phases of Cu-Zn-Sn-S particles.  Despite 
the compositional differences between particle classes, the Raman spectra for small, large, 
and mixed particles depicted in Figure 2.3 exhibit rather subtle variance between the 
particle classes.  It is important to note the peaks are very broad due to the 
nanocrystalline nature of the samples.129  Peak fitting analysis has been used to aid the 
interpretation of the experimental data, but we acknowledge that such subjective analysis 
is an unreliable means of drawing final conclusions about the makeup of these samples, 
particularly considering the breadth and overlap of the peaks.  The large and mixed 
particle spectra match that expected for CZTS well but indicate some CTS may also be 
present in these samples.128  The measured spectrum for the small particles matches the 




the relatively pronounced shoulders at 327.4 and 353.6 cm-1 corresponding to Cu3SnS4 
and CTS phases, respectively.130  Thus, the Raman data suggest the Zn-poor small 
particles in particular consist of CZTS and copper tin sulfides.  In one possible scenario, 
if the mixed particles contain Zn-free CTS, Cu- and Sn-free ZnS must also be present for 
the mixed particle composition to match the target.  Since ZnS responds weakly to 
excitation wavelengths in the visible range, its presence or absence in these samples 
cannot be confirmed by the presented data due to the use of a 633-nm laser.128  In an 
alternate scenario, the mixed particles may contain grains comprising intraparticle ZnS-
rich regions, as has been shown for CZTS nanoparticles grown by similar recipes.107  
Additionally, the presence of SnS2 and/or Sn2S3 cannot definitively be refuted 
(particularly for the small particles), but Raman analysis does not detect other binary 






Figure 2.3 Raman spectra for mixed, large, and small nanocrystal powders with expected 
peak locations for various phases that could be present in the samples.  For the SnxSy 
expected peaks, the solid and dashed lines represent SnS2 and Sn2S3, respectively; for 
CTS, the solid and dashed lines represent the tetragonal (I-42m) and cubic (F-43m) 
phases, respectively.  Reprinted from [127] with permission from Elsevier. 
 
 Characterization of Selenized Films 
In the device fabrication procedure, films of the mixed particles are sintered in a 
tube furnace in a selenium atmosphere to form the dense CZTSSe absorber layer, similar 
to a previously described technique.18,98–100  Cross sectional SEM images depicted in 




three samples comprise two layers – a large-grain, sintered layer atop a fine-grain layer.  
However, the sintered layer morphology noticeably varies from sample to sample, 
suggesting the sintering characteristics also differ for each particle class due to the 
particle size and composition disparities. 
The Raman spectra and select regions of the XRD spectra for selenized small, 
large, and mixed particle films are displayed in Figure 2.5.  The Raman spectrum for the 
selenized small particle film indicates the presence of segregated CZTSe, CTSe, and 
SnSe2 phases, while the large and mixed particle samples match the expected spectrum 
for CZTSe.131–133  However, a shoulder at 205 cm-1 in the film selenized from large 
particles corresponds to CTSe, suggesting segregated phases also exist in this sample.132  
The small peaks observed in all three samples between roughly 230 and 255 cm-1 can be 
attributed to CZTSe,131 CTSe,132 and/or condensed Se left from the selenization step.134  









Figure 2.4 SEM images of cross sections of selenized small (A), large (B), and mixed (C) 







Figure 2.5 Raman (A) and XRD spectra (B and C) for selenized films of mixed, large, 
and small particles.  XRD spectra are focused in regions where CZTSe {112} (B) and 
{312}/{116} (C) reflections are expected to better illustrate the presented evidence of 
phase segregation.  Further details of the peak fitting analysis are provided in Appendix 
A.  Reprinted from [127] with permission from Elsevier. 
 
Full width at half maximum (FWHM) considerations of the XRD data in the 
region where the CZTSe {112} reflection is expected (Figure 2.5b) indicate the average 
grain size is roughly 50% larger in the selenized small particle film than in its mixed 
particle counterpart, since grain size is inversely proportional to the FWHM according to 
the Scherrer Equation.136  Furthermore, although the large particles are several times the 




particle classes are relatively similar as evidenced by the FWHM for the {112} 
reflections in Figure 2.5b.  The observation that the small particles convert to large grains 
so readily is explained to some degree by considering that grain growth is partially driven 
by the minimization of the grain surface energy, which increases as grain size decreases. 
Peak fitting analysis of the XRD data for films selenized from the large and small 
particles reveals the convolution of two distinct peaks in the angular region where the 
CZTSe {312}/{116} reflection is expected (Figure 2.5c).  For the small particle sample, 
the splitting between these peaks (~0.2° 2θ) can be explained by the slight difference in 
plane spacing for the {312} and {116} crystal planes; the fact that the same splitting is 
not observed for the mixed particle sample is attributable to the broader peaks observed 
for the this film compared to its counterpart processed from small particles.  However, 
the larger splitting detected for the large particle film (~0.5° 2θ) corroborates the phase 
segregation observed for the Raman spectrum for the same sample.  Although SnSe2 is 
apparent in the Raman data for the small particle selenized film, it is not observed in the 
XRD spectrum for the same sample, indicating this phase may exist in small grains or 
only at the film surface.  We find that neither the Raman nor XRD data present evidence 
of significant phase segregation in the mixed particle selenized film, suggesting the 
mixed nanocrystals convert into a relatively homogeneous film upon selenization.  This 
observation may indicate relatively increased mobility of different cations between 
different phases at high selenization temperatures (~500 °C).  Since the mixed particle 
film contains overall a balanced cation stoichiometry, the high cation mobility between 




 Device Performance 
Current-voltage characteristics of solar cells processed from these particles 
according to the method reported by Guo et al35,98 are shown in Figure 2.6 with 
identification R1.  Devices fabricated from the small, Zn-poor and Sn-rich particles 
exhibit severely nonideal diode behavior via current-voltage analysis.  A hot probe 
measurement on a selenized small particle film suggests the film is an n-type 
semiconductor, potentially attributable to the presence of n-type SnSe2 inferred from the 
Raman analysis.  Thus, the absence of a p/n junction in the small-particle devices 
explains the failure of these cells to achieve any power conversion efficiency.  Devices 
processed from large and mixed particles reach total area power conversion efficiencies 
as high as 6.7% and 7.9%, respectively, without any anti-reflective coating on the top 
surface.  The inferior performance in devices fabricated from the large, Zn-rich particles 
is manifested primarily through a reduced open-circuit voltage (Voc).  Devices fabricated 
from the mixed particles exhibiting an aggregate composition near the target achieve high 
performance despite comprising significant interparticle compositional heterogeneity.  
Similarly, devices processed from the direct selenization of mixtures of binary and 
ternary Cu-Zn-Sn-S nanocrystals have been shown to reach efficiencies as high as 
8.5%.96  These observations suggest that nanoscale composition fluctuations in a 
microscopically uniform nanocrystal film sufficiently dissipate upon selenization to allow 
the formation of a relatively homogeneous, high quality absorber layer, provided the 
overall film composition matches that required for optimal device performance.  
However, the presented data demonstrate that the mediocre power conversion efficiencies 




the absorber layer of these cells.  Similarly, heterogeneities might exist in the absorber 
layer of mixed particle devices (albeit on too small a scale to be detected by the 
measurements utilized in this work) due to incomplete or non-uniform incorporation of 
small and large particles into the sintered film.  In this case, future improvements in the 
performance of CZTSSe devices prepared from the mixed particles would likely be 
inhibited by such absorber layer non-uniformities. 
 
 
Figure 2.6 Current-voltage characteristics under 1 sun AM1.5G illumination for solar 
cells fabricated from small, large, and mixed particles from recipe 1, R1, and mixed 
particles from recipe 2, R2.  Inset: Device performance characteristics for cells from R1 
and R2 large and mixed particles.  Figure S2 displays both illuminated and dark current-
voltage characteristics for cells processed from R1 and R2 large and mixed particles.  
Reprinted from [127] with permission from Elsevier. 
 
In order to further investigate the effect of a composition distribution in the 
nanocrystal film on device performance, solar cells were fabricated from nanocrystals 
synthesized according to a modified synthesis recipe (R2) that yielded a narrower 




mixed particles from both R1 and R2 are plotted for comparison in a ternary diagram in 
Figure 2.7.  For R2, the Zn deficiency in the small particles is significantly improved 
relative to R1.  The R2 small particles comprise only ~10% of the mixed particles by 
mass (compared to ~50% for R1); thus, the aggregate composition of R2 large particles 
closely matches that of the R2 mixed particles, which does not significantly differ from 
the R1 mixed particle composition.  Devices fabricated from R2 large and mixed particles 
exhibit improved performance compared to their respective R1 counterparts.  Illuminated 
current-voltage characteristics of R2 large and mixed particle solar cells achieving total 
area efficiencies of 7.4% and 8.4%, respectively, without anti-reflective coating are 
plotted in Figure 2.6 and denoted as R2.  Because the aggregate composition of the mixed 
particle nanocrystal films is the same for both R1 and R2, the increased Voc and 
consequent superior efficiency in the R2 device seems to be attributable to the narrower 
composition distribution in the R2 film prior to selenization.  Conversely, the R2 large 
particle cells fail to reach the efficiency of the R2 mixed particle devices (again due to a 
reduced Voc), despite their aggregate near-target composition.  Thus, the R2 mixed 
particle devices appear to benefit from enhanced absorber layer formation during 





Figure 2.7 Ternary diagram illustrating the compositional distribution between small, 
large, and mixed particles for both R1 and R2.  Top left: Average cation ratios for small, 
large, and mixed particles from both recipes as determined by EDS.  Reprinted from [127] 
with permission from Elsevier. 
 
2.4 Conclusions 
The solution-based synthesis of CZTS nanocrystals according to a previously 
reported recipe (R1) yielding device efficiencies as high as 7.2%35,98 has been shown to 
simultaneously produce Cu- and Sn-rich particles roughly 5 nm in diameter (small 
particles) and Zn-rich grains greater than 10 nm in size (large particles).  Despite 
comprising a broad compositional distribution, the aggregate composition of the naturally 
formed mixture of large and small particles roughly matches the target composition based 
on the relative amounts of precursors used in the synthesis reaction.  Energy-dispersive x-
ray spectroscopy (EDS), x-ray diffraction (XRD) analysis, and Raman spectroscopy 




phases.  However, clear evidence of binary copper, zinc, and tin sulfides was not 
observed in the nanocrystal samples. 
This study highlights the challenge in synthesizing nanoparticles with interparticle 
composition uniformity for quaternary species such as CZTS.  The observed 
heterogeneity is not detected without separating the particles by size and is likely due to 
competing rates of formation, nucleation, and growth of various binary and ternary 
species that are likely to be formed during the synthesis reaction.  A detailed 
understanding of these competing steps is needed to carefully control the composition of 
the resulting quaternary nanoparticles. 
Upon selenization, the R1 small and large particles convert to different phases.  
Raman spectroscopy reveals that the selenized Zn-poor small particle film consists of 
segregated CZTSe, CTSe, and likely SnSe2 phases, while both the Zn-rich large particles 
and a mixture of the large and small particles with a near-target aggregate composition 
convert primarily to CZTSe.  XRD analysis of the selenized films indicates phase 
segregation in both the small and large particle samples but suggests the mixed particle 
film comprises a relatively homogeneous structure.  FWHM considerations of the XRD 
data for the selenized films demonstrate that the increase in grain size upon selenization 
is greater in the small particle film than in the mixed and large particle films. 
Solar cells fabricated from the three R1 particle classes exhibit varying degrees of 
performance.  Small particle devices fail to achieve any power conversion efficiency, 
likely due to the apparent n-type nature of the selenized small particle film.  Large 
particle devices perform moderately well but suffer from low Voc compared to devices 




A modified CZTS nanoparticle synthesis recipe (R2) produces particles exhibiting 
improved compositional uniformity upon size-separation.18  Since the Zn-poor small 
particles from R2 only comprise a small percentage of the naturally formed particle 
mixture by weight, the R2 large and mixed particles exhibit nearly identical composition, 
which roughly matches the target composition.  Solar cells processed from the R2 mixed 
particles achieve a champion efficiency of 8.4%, primarily benefitting from improved Voc 
compared to their R1 counterparts containing a broader composition distribution in the 
pre-selenization nanocrystal film.  Solar cells fabricated from R2 large particles 
outperform R1 large particle devices, likely due to the severely Zn-rich composition of 
R1 large particles.  However, despite comprising a more uniform composition 
distribution than the R2 mixed particles and nearly matching the target composition, R2 
large particle devices perform inferior to cells fabricated from mixed particles from either 
recipe, again due to a reduced Voc.  In fact, for both synthesis recipes, inclusion of the 
small particles in the nanocrystal film during device fabrication leads to increased Voc 
compared to devices fabricated from large particles alone, regardless of whether the large 
particle composition is near or far from the target composition.  This result suggests the 
presence of the Zn-poor small particles may play an important role in the selenization of 





CHAPTER 3. THE ROLE OF INTERPARTICLE HETEROGENEITIES IN THE 
SELENIZATION PATHWAY OF CU-ZN-SN-S NANOCRYSTAL FILMS: A 
REAL-TIME STUDY 
3.1 Introduction 
The finding in Chapter 1 that including the R2 small, Cu- and Sn-rich particles in 
the coated nanoparticle film prior to selenization led to better power conversion 
efficiencies than in the case of solely utilizing the R2 large particles with the desired 
composition is indeed surprising; the benefit of including particles with a composition 
that deviates from the target for optimal CZTSSe device performance is initially unclear.  
Therefore, elucidation of the insufficiently understood selenization mechanism is 
essential to enable directed improvements in CZTSSe thin film solar cells and, ultimately, 
commercialization of this promising technology.  Previous research investigated the 
selenization mechanism in films of the mixed R1 CZTS nanoparticles described in 
Chapter 1 via real-time energy-dispersive x-ray diffraction (EDXRD) and identified the 
growth mechanism through the various phases that grow and recede throughout the 
process;137 in this work, it was hypothesized that the samples contained small particles 
undetected by diffraction in the nanoparticle film that actively participate in the 
selenization process.  This hypothesis is corroborated by the detailed investigation of the 
particles comprising the nanoparticle ink presented in Chapter 2.127  The EDXRD 




selenide phases during the growth of the quaternary CZTSe grains, which was proposed 
to be beneficial for the formation of a large-grain morphology; however, the origin of the 
copper selenide was unclear, as its diffraction signal appeared abruptly without noticeable 
change in the signals from the nanoparticles in the precursor film.137  The differences 
observed in the large and small particles are hypothesized to influence the various phases 
of growth observed in real-time EDXRD data of the unseparated (mixed) particles.   
 In this chapter, the individual roles of the small and large R1 particles in the 
selenization mechanism are studied via real-time EDXRD measurements.  The results 
presented provide evidence that the Cu- and Sn-rich small particles are primarily 
responsible for the formation of the copper selenide intermediates, which in turn initiate 
the growth of Cu-Sn-Se grains greater in size than the so-termed large precursor particles.  
Subsequently, the Zn-rich large particles contribute their composition to the growing 
grains to form a dense film of micrometer-sized CZTSSe grains.  This chapter is largely 
reproduced from [138] by permission of The Royal Society of Chemistry. 
3.2 Experimental Methods 
Nanoparticle films consisting of large, small, or mixed particles coated on Mo-
coated soda-lime glass (SLG) and a ceramic crucible containing ~160 mg Se pellets are 
simultaneously heated in a sealed, evacuated graphite cylinder inside a stainless steel, 
dual-purpose rapid thermal processing (RTP) furnace and vacuum chamber.  The inside 
of the graphite cylinder is lined with a pyrolytic layer to minimize the diffusion of Se 
vapor through the walls, and the bottom and top panels of the cylinder are quartz 
windows sealed to the cylinder with graphite gaskets and threaded fittings.  A hole in the 




pressure of roughly 10-4 mbar is reached, a motorized plug is remotely engaged in order 
to seal the hole.  The RTP furnace consists of eight halogen lamps, four above and four 
below the graphite cylinder, with a combined maximum power of 4 kW.  During the real-
time EDXRD measurements, a polychromatic beam of hard x-rays produced by the 
EDDI beamline of the BESSY II synchrotron facility is diffracted by the film inside the 
graphite cylinder and detected by an energy-dispersive Ge detector.139,140  The 
temperature throughout the process is measured and controlled by a thermocouple 
positioned about 5 mm above the sample surface.  Due to the heating up of the sample 
substrate and its consequent expansion, the alignment between the incident x-ray beam 
and the sample surface is maintained by controlling the vertical position of the vacuum 
chamber with a software feedback loop designed to maximize and preserve the 
fluorescence intensities in real-time throughout the process.  Real-time EDXRD data are 
obtained during the selenization process using two different temperature ramp profiles – a 
“fast ramp” (125 K/min. from 50 °C to 500 °C, then hold 500 °C for 20 min.) and a “slow 
ramp” (2.9 K/min. from 200 °C to 550 °C).  The slow ramp was preceded by a quicker 
heating to 200 °C (at ~17.5 K/min.) since no reaction is detected below this temperature.  
The real-time EDXRD experiment follows work reported in [137].  Further description of 
the nanoparticle synthesis, size-separation, and characterization is provided in Chapter 2.  
3.3 Results and Discussion 
 Fast Heating 
The EDXRD data in Figure 3.1 show a subsection of the recorded energy and 
time range collected during the fast ramp selenization of large, mixed, and small particle 




striking difference between the three types of samples: Whereas the large and mixed 
particles initially show a broad peak (denoted as Σ1) near the photon energy expected for 
the CZTS 112 reflection (Figure 3.1a,b), this peak is absent in the case of the small 
particles (Figure 3.1c).  Thus, Σ1 results exclusively from the large, Zn-rich particles.  
This observation can be attributed to a severe difference in the crystallinity of the large 
and small particles.127 
 
Figure 3.1 Left: Subsection of the fast ramp EDXRD data for (a) large, (b) mixed, and (c) 
small nanoparticle films showing the occurrence of Σ1 (at the expected position of CZTS), 
Σ2 (at the expected position of CZTSe), and Cu2-δSe diffraction peaks in the film.  Peak 
assignments were made based on data from the ICDD database (CZTS: card 026-0575; 
CZTSe: 070-8930; Cu2-δSe: 073-2712).  See Appendix B for full data range. The top part 
of the figure shows the temperature profile measured by a thermocouple placed roughly 5 
mm above the sample surface. Right: Evolution of integrated peak intensities for fast 
heating of (d) large, (e) mixed, and (f) small particle films.  Reproduced from [138] by 




Despite this difference of the nanoparticles in the precursor films, the subsequent 
phase formation during fast heating is, at a first glance, qualitatively similar for all three 
precursor types: Between roughly 300 and 450 °C, additional peaks are first observed for 
all three samples at ~34.3 and ~34.7 keV, corresponding to Cu2-δSe 111 and the expected 
photon energy for the CZTSe 112 reflection, respectively.  (Note that, due to the use of 
sulfide nanoparticle precursor films, the selenized films typically contain up to ~10% 
residual S compared to the total amount of S+Se; however, abbreviations for such 
sulfoselenide phases used hereafter generally reflect pure selenide composition for 
simplicity.)  Due to the similar crystal structure of ZnSe and Cu2SnSe3 (CTSe) with 
CZTSe,141–143 the primary peak generated near 34.7 keV is denoted as Σ2 to acknowledge 
the possibility that the peak could arise from any of these three phases.  (The same holds 
for the corresponding sulfide phases and the resulting peak near 36.6 keV denoted by 
Σ1.128)  However, since the peak near 22.4 keV corresponds to the 101 planes in 
tetragonal CZTSe,127,137,144 we attribute Σ2 primarily to CZTSe grains once the CZTSe 
101 signal is detected.  During the appearance of Cu2-δSe and Σ2, the broad Σ1 peak of 
the large and mixed particle samples shifts towards the position of Σ2.  This shift can be 
explained by an increase of the Se/S ratio in the large particles asymptotically to a Se 
concentration close to Se/(Se+S)=1. 
For all three samples, the relatively brief appearance of the Cu2-δSe peak coincides 
with the initial growth of Σ2.  However, the intensities of the Cu2-δSe signal 
conspicuously vary, with the small particles showing the strongest Cu2-δSe signal, the 
large particles the weakest, and the mixed particles an intermediate Cu2-δSe signal 




the Cu/(Zn+Sn) ratio of the particles in the precursors (see Table 2.1).  However, a 
comparison of the quantitative Cu2-δSe integrated intensities with the integral Cu amount 
in the precursors shows that the differences in the Cu content alone cannot explain the 
strong differences in the Cu2-δSe peak intensities; the maximum Cu2-δSe integrated 
intensities for large:mixed:small precursor films (Figure 3.1d-f) are ~1:3:5 while the 
integral Cu amounts in the precursors are 1.0:1:12:1:05.  Here, the integral Cu amount for 
each sample is determined by multiplying the Cu/Sn ratio in Table 2.1 with the integrated 
intensity of the Sn-Kα fluorescence signal near 25 keV in the fast ramp EDXRD spectra 
at the beginning of the process: 5.74, 7.35, and 7.09 (in arbitrary units) for the large, 
mixed, and small samples, respectively.  In other words, CuSe formation is suppressed 
with increasing presence of Zn in the film despite an overall greater amount of Cu present.  
Moreover, in all three samples, Cu2-δSe forms rather than CTSe despite an overall Cu-
poor composition with regard to Sn (i.e. Cu/Sn < 2, see Table 2.1); independent from the 
Zn/Sn ratio, in thermodynamic equilibrium Cu-Se formation would only be expected if 
Cu/Sn > 2.145,146  Despite an initial Cu-poor composition, during the selenization process 
the composition could, in principle, exceed Cu/Sn > 2 due to loss of Sn in the form of 
SnS or SnSe.109,126  However, in such a case, Cu2-δSe would be expected to be detected 
throughout the remainder of the process, since insufficient Sn would be available to fully 
convert Cu2-δSe into CZTSe or CTSe. 
We conclude that kinetic mechanisms are responsible for the Cu2-δSe formation 
and that they are strongly influenced by the presence of the small particles.  In our 
proposed mechanism, the small particles break down or melt during heating due to their 




Se at the film surface quickly reacts with the loosely bound Cu to form Cu2-δSe; it should 
be noted here that a high reactivity of Cu with Se could serve as an additional 
contributing factor to the disintegration of small particles.  The reaction of Cu with Se at 
the film surface incurs a Cu chemical potential gradient in the film, driving Cu diffusion 
toward the surface; indeed, we have previously found a Cu enrichment of the surface 
shortly after the presence of Cu2-δSe.137  In contrast to a reaction within the bulk of the 
nanoparticle film, grains at the surface have enough space to grow to large sizes, which is 
energetically preferred due to lower surface energies.  The growth of Cu-Se intermediates 
at the film surface has similarly been observed during the formation of CZTSSe148 and 
CIGSe149 absorber films from metallic precursors.  In these cases and others,137,150–152 the 
presence or formation of Cu-Se grains has been proposed to enhance the growth of large-
grain CZTSSe and CIGSe, and investigations into the synthesis mechanism of CZTS and 
CuIn(S,Se)2 (CISSe) nanoparticles in solution have reported copper sulfide or selenide 
intermediates as seed phases from which CZTS and CISSe grow.43,153–157  These 
phenomena have been attributed to a high reactivity of Cu with chalcogen (compared to 
Sn and Zn with chalcogen) as well as a high mobility of Cu ions, which enables Cu to 
easily diffuse to the reaction front, and thus are in good agreement with our proposed 
mechanism.  The observation from Figure 3.1 that Cu2-δSe formation correlates with the 
amount of small particles in the nanoparticle film indicates that the release of Cu from the 
small particles plays a crucial role in the intermediate Cu2-δSe formation. 
 Slow Heating 
While the fast heating process mimics the selenization conditions used during the 




reaction under these conditions obscure subtle but informative details of the selenization 
mechanism.  Thus, EDXRD data were recorded during slow heating for the large, mixed, 
and small particle films (Figure 3.2) in order to investigate the selenization mechanism in 
more detail, with special attention to the correlation between the copper selenide 









Figure 3.2 Left: Subsection of the slow ramp EDXRD data for (a) large, (b) mixed, and (c) 
small particle films showing the occurrence of Σ1, Σ2, CuSe, and Cu2-δSe diffraction 
peaks in the film. Peak assignments for CuSe were made based on ICDD card 086-1240). 
See Appendix B for full data range. Right: Evolution of integrated peak intensities for 
slow heating of (d) large, (e) mixed, and (f) small particle films. Bottom: (g) Minimum 
crystallite size (D/k) as described in Ref. 13 estimated using the most intense peak in 
each sample for CuSe (i.e. 006 planes for large and mixed particle films, 102 planes for 
small precursor film) during slow heating.  Reproduced from [138] by permission of The 







During slow heating, peaks corresponding to the 102 and 006 planes in hexagonal 
CuSe158,159 are observed for all three samples between ~225 and ~350 °C. A third peak 
attributed to the 101 planes in hexagonal CuSe is observed when slow heating the small 
particle sample within the same temperature range (Figure 3.2c).  Note that the 
observation of CuSe peaks in all three samples contrasts with the inference of Cu2-δSe 
formed during fast heating.  In Figure 3.2a-f, the relative intensity of the CuSe peaks 
from the 102 and 006 crystal planes is different for the small particle sample than for the 
large and mixed precursor films, indicating the CuSe grains grow with a preferred texture 
in the absence of the large, Zn-rich particles based on the expected relative peak 
intensities for hexagonal CuSe.158,159  In the small particle sample, CuSe quickly vanishes 
near 350 °C while a strong Cu2-δSe signal appears (Figure 3.2c), suggesting CuSe 
undergoes a transition to Cu2-δSe wherein Cu is reduced and Se is liberated from the 
crystal lattice; this transition has similarly been observed for co-evaporated Cu-Se films 
(albeit at a slightly higher temperature of 377 °C), in which the liberated Se manifests as 
a liquid phase.159  Markedly, the first appearance of Σ2 in the small particle film 
coincides with this copper selenide phase transition.  It is also worthwhile to note the 
transition from CuSe to Cu2-δSe is not observed in the mixed or large particle films 
(Figure 3.2a,b).  Instead, in these cases Σ2 forms at lower temperatures (around 320 °C; 
see Figure 3.2d,e) during the decrease of the CuSe signal.  The absence of CuSe in the 
fast ramp EDXRD data may be attributable to the temperature ramp rate: By the time a 
detectable amount of copper selenide forms, the temperature has surpassed the threshold 




fast heating process can also be supported by a delay of Se evaporation due to slower Se 
heating relative to substrate heating. 
 The slow heating EDXRD data show that the CuSe peaks occurring during 
selenization of the small particle sample exhibit reduced peak broadening compared to 
the large and mixed particle samples.  The minimum average crystallite size calculated 
from the peak broadening reaches values above 200 nm for the small particle precursor 
film, while that for the large and mixed precursor films ranges between 150 and 175 nm 
throughout the process (Figure 3.2g). This observation supports the assertion that the 
presence of the small particles in the precursor film enhances the growth of large Cu-Se 
grains. 
 Role of Interparticle Heterogeneities in the Selenization Pathway 
The EDXRD data presented in Figures 3.1 and 3.2 lead to three key observations 
regarding the roles of the interparticle heterogeneities during the selenization process: 
First, since Σ1 is not observed for the small particle sample (Figures 3.1c,f, 3.2c,f), 
any behavior of this signal corresponds to phenomena solely affecting the large, Zn-rich 
particles.  Thus, the gradual shift of Σ1 from the CZTS 112 position early in the process 
to the CZTSe 112 position by the end of the process indicates the substitution of S with 
Se in the large particles.   
 Second, the positive correlation between the signal intensities from copper 
selenide intermediates and the proportion of small particles in each sample – particularly 
during fast heating (Figure 3.1d-f) – suggests that the copper selenide formation primarily 
results from the small particles.  Due to the Cu-rich nature of the small particles, it 




the release of Cu from these particles.  However, even if both the large and small 
particles comprised similar composition near the target for CZTSSe absorbers, the high 
surface energy of the small particles due to their size would be expected to result in 
relative instability of these particles compared to their larger counterparts, which in turn 
might cause the smaller particles to more readily release Cu for its reaction with Se.   
 The third key observation from the real-time EDXRD measurements is the 
concurrence of the initial detection of Σ2 with the behavior in the signals from the copper 
selenide intermediates. For the small particles during slow heating, the rise of Σ2 
coincides with the CuSe-to-Cu2-δSe transition (Figure 3.2f), while in all other cases 
(Figures 3.1d-f, 3.2d,e) the rise of Σ2 coincides with a fast drop in signal intensity of Cu-
Se. This observation suggests the copper selenide intermediates contribute to the 
nucleation and early growth of the phase generating Σ2, which ultimately becomes the 
desired CZTSSe.  Furthermore, the initial growth rate of Σ2 for the small and mixed 
particle films, which show higher Cu-Se signal intensities, is greater than that in the large 
particle samples independent of the heating rate.  Thus, the presence of small particles 
and/or the copper selenide intermediates seem to facilitate the growth of the phase 
generating Σ2, namely CTSe or CZTSe.  For the cases of slow heating large and mixed 
particle films, CuSe is consumed for the formation of Σ2 before the temperature of the 
CuSe to Cu2-δSe transition is reached, since the early appearance of Σ2 coincides with the 
decline in the CuSe signal (Figure 3.2d,e).  We propose that the CuSe grains in the large 
and mixed films react with Sn at a temperature lower than the CuSe-to-Cu2-δSe transition 
– potentially due to their smaller size in these films compared to the small particle film – 




 These observations provide details which allow modification of the mixed-
particle selenization pathway proposed in [137] to account for the roles of the 
interparticle heterogeneities characterized in Chapter 2.  Each of the following steps in 
the pathway corresponds to the commonly numbered step depicted in Figure 3.3: 
1. Growth of Cu-Se grains at the top surface of the film via release and diffusion of Cu 
from small particles and its reaction with Se. 
2. Reaction of residual Sn from small particles with Cu-Se to form CTSe; concurrently, 
substitution of S with Se in large, Zn-rich particles. 
3. Reaction of CTSe with selenized Zn-rich grains to form CZTSe, and progression of 
CZTSe grain growth downward through the film. 
4. Given the proper overall film composition (i.e. near-target) and sufficient cation 
diffusion, the complete incorporation of cations into a relatively homogeneous film 







Figure 3.3 Schematic process pathway (top) and diagram (bottom) of the proposed 
selenization pathway accounting for the roles of interparticle heterogeneities.  In the 
schematic process pathway, the bold and underlined elements represent those which 
represent the majority alloy consitutent(s) for the small and large nanocrystals (along the 
top and bottom rows of the pathway, respectively) and their resultant phases throughout 
the process.  Note that “Sn-Zn-Se” refers to coexisting selenides of Sn and Zn rather than 
a ternary SnxZnySez phase, since no such compound is known to be stable.  Additionally, 
the phases in the process pathway are color-coded with their corresponding phases in the 
diagram – red: small, sulfide nanocrystal precursors; blue: large, sulfide nanocrystal 
precursors; orange: Cu-Se grains that initially form at the top of the film surface; green: 
selenized large precursor grains; purple: Cu-Sn-Se grains that result from Sn 
incorporating into Cu-Se; and black: micrometer-sized CZTSe grains.  Reproduced from 
[138] by permission of The Royal Society of Chemistry. 
 
The generally observed delay between the first appearances of ∑2 and the CZTSe 
101 reflection in Figure 3.3 indicates the genesis of ∑2 corresponds to the growth of large 
CTSe grains before they react with Zn to form micron-sized CZTSe, especially in the 
large and mixed particle films where this delay is prominent.137  It should be noted that 
the minimum grain size which produces a detectable signal is smaller for the 112 planes 




reflection compared to the 112 signal.  Thus, some delay is anticipated between the 
appearances of these two signals during the initial grain growth period.  In the large 
particle films, once Zn has reacted with the CTSe phase to the fullest extent (i.e. all CTSe 
has been consumed for the formation of CZTSe with near-target stoichiometry), the 
excess Zn would be expected to react with selenium and form ZnSe.  Indeed, SEM-EDS 
composition maps of a cross section of the large particle film illustrate Zn-rich regions 
that correspond to segregated ZnSe in the film (Figure 3.4a).  Additionally, XRD studies 
of the selenized films in Chapter 1 identified a significant segregated phase in the large 
particle film, but Raman data showed rather small signals corresponding to CTSe and 
ZnSe; however, since the Raman measurement used a relatively low-energy excitation 
laser (633 nm) to which ZnSe responds weakly,127,135 the segregated phase is most likely 
ZnSe.  While segregated ZnSe is absent from the selenized mixed particle film, an 
appreciable amount of Zn is detected in the fine-grain layer beneath the large grains in 
the mixed particle sample (Figure 3.4c).  This observation is consistent with the proposed 
selenization pathway in the scenario where the selenization is not allowed to proceed to 
completion, and both a reduction in the fine-grain layer thickness and improved device 
performance have been achieved in part by extending the selenization time.18  For the 
small particle film (Figure 3.4b), the absence of cations in the fine-grain layer and the 
uniform cation distribution in the large-grain layer suggest the composition of the small 
particles falls near the range of a solid solution of SnSe2, CZTSe, and CTSe.146  Notably, 
Raman analysis of selenized small particle films detected some amount of SnSe2 in the 
samples.127  Therefore, it is also possible that excess Sn in the small particles leaves the 




manifest a more stable alloy/solid solution composition.  Despite the differences in the 
compositional maps for each sample in Figure 3.4, all such data are consistent with the 
proposed selenization pathway. 
 
 
Figure 3.4 SEM-EDS compositional maps for cross sections of (a) large, (b) mixed, and 
(c) small precursor films after fast heating.  The horizontal dashed lines represent the 
interface between the large-grain and fine-grain layers.  The circles on the Cu, Zn, and Sn 
maps of the selenized large particle film demonstrated a segregated Zn-rich region.  




3.4 Making a Case for a Liquid Se Assisted Selenization Mechanism 
A liquid Se phase has been reported to assist in the formation of CISe and CZTSe 
films via selenization,160 and it is possible that the same is true here.  The temperatures at 
which Cu, Sn, and Zn become soluble in liquid Se according to the Cu-Se, Sn-Se, and 
Zn-Se phase diagrams roughly correspond to the temperatures at which CuSe, CTSe, and 
CZTSe, respectively, are first detected in the EDXRD data under slow heating.159,161–163  
Additionally, various copper selenide phases have also been observed to exist in 
equilibrium with liquid Se in conditions similar to those in the experiments reported 
herein.159  In our nanoparticle films, a slightly lower chemical potential in the pores 
between the nanoparticles compared to at the particle surfaces could invite the 
condensation of a liquid Se phase.  In this scenario, as Cu, Sn, and Zn begin to dissolve in 
liquid Se, this phase could act as a medium allowing the rapid diffusion of cations to the 
reaction front in the film, giving rise to the order of cation incorporation into the growing 
grains.  Additionally, a liquid Se-assisted mechanism might also explain the 
accumulation of Cu2-δSe in the fast heating experiments due the low solubility of Sn and 
Zn compared to Cu in liquid Se; in such a case, the delayed solvation of first Sn and then 
Zn would limit the rate at which Cu2-δSe is consumed.  The observed planar interface 
between the large- and fine-grain layers as well as the C- and Se-rich composition in the 
fine-grain layer in Figure 3.5 could also arise from liquid Se-assisted grain growth. If 
liquid Se condenses on the film, Cu would begin to dissolve, and solid copper selenide 
crystallites would precipitate from the liquid phase.  As the temperature increased, so 
would the solubilities of Sn and Zn in the liquid Se, and these elements would begin to 




nanoparticle film would quickly wick the liquid Se throughout due to capillary action.  
Since copper selenides first precipitate at the surface of the film, the growth of large 
grains would begin at the surface but proceed downward through the film in a planar 
front due to the relatively spatially uniform distribution of cations in the precursor 
nanoparticles and liquid Se alike.  Some carbonaceous ligand material would escape via 
evaporation, but the remainder would collect at the bottom of the film with excess, 
unreacted Se.  Thus, once the sample cools at the end of the process, the large CZTSe 
grains would sit atop a solidified fine-grain layer of primarily C and Se.  Indeed, this 
hypothetical end state agrees very well with experimental observation. 
3.5 Conclusions 
Real-time EDXRD analysis has been utilized to investigate the selenization 
mechanism of the three Cu-Zn-Sn-S nanoparticle populations described in Chapter 1.  
Upon selenization, the small, Cu- and Sn-rich nanoparticles lead to the formation of 
copper selenide intermediates, which in turn initiate the growth of grains that ultimately 
become the desired quaternary CZTSe.  We therefore conclude that including the small 
particles in the nanoparticle precursor film strongly influences the selenization 
mechanism and, in turn, CZTSe absorber formation.  While the large particles do not 
appear to contribute to the formation of copper selenide, they support the growth of 
CZTSe grains as a cation source over time.  These results help clarify and expand upon 
our previous finding that including the small particles in the nanoparticle films prior to 
selenization leads to improved solar cell efficiencies for two different nanoparticle 
synthesis recipes, notably even when the large particles exhibit a slightly Cu-poor, Zn-




pure films of large grains, the details of the CZTSSe grain growth mechanism presented 
herein greatly benefit ongoing efforts to improve the quality of CZTSSe absorbers and 





CHAPTER 4. GENERALIZED ANALYSIS OF NON-IDEAL SOLAR CELLS: THE 
CASE OF POTENTIAL FLUCTUATIONS IN CU2ZNSN(S,SE)4 
4.1 Introduction 
Crystalline Si has provided precedent for much of the development of novel PV 
materials that have followed.  While the expertise generated through the advancement of 
c-Si device fabrication and characterization techniques has in many ways guided the 
progress of younger technologies such as CIGSSe and CZTSSe, each novel photovoltaic 
material manifests its own unique challenges that must be surmounted in order to achieve 
high power conversion efficiencies.  In particular, the electrical characterization 
techniques and corresponding models developed for c-Si devices benefit from the highly 
ideal nature of these cells, which justifies simplifying assumptions when deriving device 
models from first principles and performing the measurement alike.  Conversely, the 
added complexity of polycrystalline, thin film CIGSSe and especially CZTSSe due to a 
higher propensity for defect formation and non-uniformity throughout the absorber as 
well as the reduced physical dimensions of the crystalline domains invalidates some of 
these assumptions.  Without modifying the models and techniques used to characterize 
such non-ideal devices, the direct application of methods developed for c-Si solar cells to 
CIGSSe and particularly CZTSSe devices is unsound and often leads to erroneous 




This chapter first compares CIGSSe and CZTSSe solar cells using conventional 
temperature-dependent current-voltage (IVT) and voltage-dependent external quantum 
efficiency (EQE) analysis.  The solar cells under test achieve total area (0.47 cm2) power 
conversion efficiencies greater than 14% and 9% for CIGSSe and CZTSSe, respectively.  
The devices are similarly processed from nanocrystal inks in order to best compare the 
nature of the absorber materials for a given device structure and fabrication method.  
While the CIGSSe cells exhibits some non-ideal characteristics, we find that it generally 
adheres to conventional models.  Conversely, the CZTSSe characteristics deviate 
markedly from ideal behavior.  As a result, we develop and apply new optoelectronic 
device models to account for the non-ideal features of the CZTSSe cells.  In doing so, we 
identify spatial, nanoscale potential fluctuations (caused by high defect densities in the 
crystalline grains) as well as micron-scale band gap gradients (due to spatial variations in 
alloy – such as S/Se – compositions) as the primary factor responsible for the non-ideal 
behavior of CZTSSe cells and, more importantly, the low voltages these devices generate.  
(Section 4.3.1 is largely reprinted from [164] with permission from IEEE.) 
4.2 Experimental Methods 
The solar cells studied in this work were fabricated according to procedures 
reported in Chapter 2 and elsewhere,18,98,99,127 using a standard device structure of 
SLG/Mo (800nm)/absorber (650-1000 nm)/CdS (30-50 nm)/ZnO (80 nm)/ITO (220 nm).  
Temperature-dependent current-voltage (IVT) characteristics were collected using a Lake 
Shore TTPX cryogenic probe station and a Newport 300-W Xe arc lamp with neutral 
density and AM1.5 filters as the source of illumination.  Current-voltage (IV) sweeps 




measurement technique.  External quantum efficiency (EQE) data was collected using a 
home-built apparatus comprising a Newport 300 W Xe arc lamp source, Oriel 
Cornerstone monochromator, Stanford Research Systems current preamplifier (model 
SR570), and Stanford SR830 lock-in voltage amplifier coupled to a Stanford SR540 
chopper controller set to 157 Hz to isolate the AC EQE response from the DC 
background signal.  For voltage-biased EQE measurements, the current preamplifier was 
used to source each bias.  Time-resolved photoluminescence (TRPL) minority carrier 
lifetime measurements were performed on the completed device using a Horiba/Jobin-
Yvon Fluorolog-3 spectrofluorometer with a 637 nm NanoLED excitation source and a 
Hamamatsu NIR PMT detector module.  Reflectance spectra were collected using a 
PerkinElmer Lambda950 UV-VIS-NIR spectrophotomer with an integrating sphere. 
4.3 Results and Discussion 
 Conventional Temperature-Dependent Current-Voltage Analysis 
Room-temperature IV characteristics for CIGSSe and CZTSSe devices achieving 
efficiencies of 14.2% and 9.0%, respectively, with MgF2 anti-reflective coating are 
depicted in Figure 4.1.  These data demonstrate that the CIGSSe device benefits from a 




short-circuit current density (Jsc) corresponding to a higher band gap (Eg) in CIGSSe for x 
≈ 0.3 (~1.2 eV for CIGSSe165 compared to ~1.1 eV for CZTSSe fabricated using this 
process99).  The measured Voc deficit (Eg/q–Voc) at room temperature is less for CIGSSe 




Figure 4.1 Room-temperature IV characteristics of CIGSSe and CZTSSe solar cells 
similarly processed from nanocrystal inks.  Reprinted from [164] with permission from 
IEEE. 
 
The IVT characteristics (displayed in Appendix C) were obtained in the dark for 
CIGSSe and CZTSSe cells without the MgF2 coating and exhibiting comparable 
performance to the devices in Figure 4.1 prior to deposition of MgF2.  The temperature 
dependence of the saturation current density (Jo) and ideality factor (n) – calculated from 
the dark IVT data according to Sites’ method124 – are analyzed in the following sections.  




fits to the data and thus values of Jo and n.  The temperature dependence of the open-
circuit voltage measured at each temperature under 1 sun AM1.5 illumination is also 
considered in this section. 
4.3.1.1 Ideality Factor 
The CIGSSe and CZTSSe ideality factors are both found to be temperature-
dependent (Figure 4.2).   However, while n remains within the theoretically expected 
range of 1 to 2 for CIGSSe over nearly the full temperature range, n for CZTSSe diverges 
above the expected values below 300 K.  The observed temperature dependence of n can 
be indicative of tunneling-enhanced recombination either in the bulk of the absorber or at 
the interface between the absorber and buffer layers.167   
In the case of tunneling-enhanced recombination due to a distribution of bulk 
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where k is the Boltzmann constant, E00 is the characteristic tunneling energy, and E* = 







Figure 4.2 Ideality factor as a function of temperature for CIGSSe and CZTSSe solar 
cells.  Reprinted from [164] with permission from IEEE. 
 
However, tunneling-enhanced recombination at the absorber/buffer layer interface 
yields a temperature dependence of n according to167 
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         (4.2) 
 Numerical fits to the n-vs.-T data for the tested devices are plotted according to 
Equation (1) and (2) in Figure 4.3.  Both models fit the measured data at least reasonably 
well for both materials (R2 > 0.87), preventing the conclusive determination of the 
dominant recombination mechanism in either device from the temperature dependence of 
the ideality factor.  Regardless, because the ideality factor remains between 1 and 2 for 
CIGSSe over nearly the entire temperature range studied, any effects of tunneling-
enhanced recombination in this device are not expected to represent significant 
limitations to the CIGSSe cell performance.  Conversely, since the ideality factor for the 
CZTSSe device increases above 2 just below room temperature and reaches even higher 
values at lower temperatures, the fundamental cause of such non-ideal behavior likely 





Figure 4.3 Measured CIGSSe and CZTSSe n-vs.-T data and fitted curves for tunneling-
enhanced interface (top) and bulk (bottom) recombination models.  Reprinted from [164] 
with permission from IEEE. 
 
4.3.1.2 Saturation Current Density 
The temperature dependence of Jo can be modeled by 
 exp Ao oo
EJ J
nkT
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         (4.3) 
where EA is the diode current activation energy and the Joo prefactor typically has a low 
temperature dependence.167  Rearranging Equation (5.3) yields 











If n and EA are both temperature independent, a Richardson plot of ln(Jo) vs. 1/kT 
for an arbitrary value of Joo produces a line whose slope is -EA/n.167  However, since n is 
a function of temperature for both tested cells, a modified Richardson plot of n*ln(Jo) vs. 
1/kT is necessary to observe a linear trend and appropriately determine EA (Figure 4.4).  
The values for EA calculated from the slopes of the data in the modified Richardson plot 
are ~1.15 and ~1.07 eV for CIGSSe and CZTSSe, respectively.  Both values are similar 
to the respective estimated absorber layer band gaps.  While values for EA < Eg would 
indicate interface recombination as the dominant mechanism due to Fermi-level pinning 
or band gap narrowing at the interface, the measured values of EA ≈ Eg from the 
temperature dependence of Jo do not conclusively distinguish between the two 
recombination mechanisms.  Due to the expected Type I band alignment between CdS 
and CZTSSe (i.e. EC,CdS > EC,CZTSSe and EV,CdS < EV,CZTSSe), the interface band gap equals 
the bulk CZTSSe band gap in the absence of Fermi-level pinning or band gap narrowing 
at the interface due to interface defects, so the measured recombination activation energy 
EA should be close to the CZTSSe band gap in the cases of both interface and bulk 
dominant recombination. 
If Equation 5.4 is valid for these devices, then a plot of ln(Jo)-vs.-1/nkT should 
also yield a straight line with a slope of -EA.  As seen in Figure 4.4, while such a plot 
yields a nearly straight line for CIGSSe, the data for the CZTSSe device does not behave 
accordingly.  This observation indicates that there must be another temperature 
dependence in the device that is not captured by the model but is masked in the modified 





Figure 4.4 Modified Richardson plot yielding linear n*ln(Jo)-vs.-T data for both devices.  
The temperature range is 150 to 350 K.  Reprinted from [164] with permission from 
IEEE. 
 
 Figure 4.5 Plot of ln(Jo) vs. 1/(nkT) for CIGSSe and CZTSSe solar cells, 
demonstrating more or less ideal (linear) behavior of CIGSSe but non-ideal 
characteristics of CZTSSe. 
 
4.3.1.3 Open-Circuit Voltage 
If superposition applies, then Voc is given by 











where q is the elementary charge.167  Substituting (5.3) into (5.5) gives a linear ideal 
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                 (4.6) 
Both devices exhibit similar non-linear temperature dependence of Voc at 
temperatures below 225 K (Figure 4.5), but extrapolating the linear Voc-vs.-T data for T ≥ 
225 K to 0 K reveals a higher EA for CIGSSe (~1.18 eV) than for CZTSSe (~0.92 eV).  
Moreover, while EA ≈ Eg for CIGSSe, EA < Eg for CZTSSe.  This reduced activation 
energy is also reported for CZTSSe in literature25 as well as for similarly processed Ge-
alloyed cells125 but directly contrasts with the observation made from the temperature 
dependence of Jo.  The discrepancy between the two methods of calculating EA indicates 
a breakdown in the validity of Equation (5.6) due to the temperature-dependent ideality 
factor.  Additionally, Equation (5.6) is invalid in the case of voltage-dependent carrier 
collection since the denominator of the argument of the natural logarithm in Equation 
(5.6) becomes Jsc*η(VOC),  
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   (4.7) 
where η(VOC) is the voltage-dependent collection efficiency η(V) evaluated at VOC.99  
Indeed, CZTSSe solar cells fabricated similarly to those tested in this work have been 
shown to suffer from severe voltage-dependent carrier collection compared to CIGSSe 
devices.99,165  In any case, the low EA measured from the CZTSSe Voc-vs.-T data is a 





Figure 4.6 Temperature dependence of Voc, with linear extrapolations of the Voc data for 
temperatures from 225 to 350 K.  The horizontal dashed and solid lines indicate the band 
gap energies estimated from the EQE response (discussed in Section 4.3.2) at room 
temperature (i.e. 300 °C) for the CIGSSe and CZTSSe devices, respectively.  Reprinted 
from [164] with permission from IEEE. 
 
 Conventional External Quantum Efficiency Analysis 
Quantum efficiency analysis aims to evaluate the spectral response of a completed 
solar cell by measuring the current extracted from the device held at a fixed bias over a 
range monochromatic illuminating photon energies with intensities normalized to the 
AM1.5G spectrum.  Conventionally, this technique applies two principal assumptions: (1) 
the absorber layer thickness is much greater than the combined width of the space-charge 
region (SCR) in the absorber and the characteristic diffusion length (Ld) of minority 
carriers in the absorber material, rendering recombination effects at the back contact 
negligible, and (2) the electric field in the SCR is sufficiently strong and the 
absorber/buffer interface sufficiently passive that 100% of carriers that are generated 




occurs in the quasi-neutral region in the bulk of the absorber.  The absorption of incident 
photons in the absorber layer follows the Beer-Lambert law 
𝐼𝐼(𝜆𝜆, 𝑧𝑧) = 𝐼𝐼𝑜𝑜exp[−𝛼𝛼(𝜆𝜆)𝑧𝑧]                    (4.8) 
𝛼𝛼(𝜆𝜆) = 𝐴𝐴𝑜𝑜�ℎ𝑐𝑐𝜆𝜆 − 𝐸𝐸𝑔𝑔         (4.9) 
where Io is the intensity of the illumination at the absorber surface, α(λ) is the 
wavelength-dependent absorption coefficient, z is the depth beneath the absorber surface, 
Ao is the absorption coefficient prefactor, h is Planck’s constant, c is the speed of light, 
and Eg is the absorber band gap.  The internal quantum efficiency (IQE) in the SCR is 
therefore given by 
𝐼𝐼𝐼𝐼𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆(𝜆𝜆,𝑉𝑉) = 𝐼𝐼𝑜𝑜−∫ −𝛼𝛼(𝜆𝜆)𝐼𝐼(𝜆𝜆,𝑧𝑧)𝑑𝑑𝑧𝑧𝑊𝑊(𝑉𝑉)0 𝐼𝐼𝑜𝑜 = 1 − exp[−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]    (4.10) 
where W(V) is the voltage-dependent SCR width.  Carriers generated within one 
diffusion length of the SCR edge are collected according to an exponential distribution 
away from the SCR168 
𝐼𝐼𝐼𝐼𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝜆𝜆,𝑉𝑉) = 𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑exp[−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑+1       (4.11) 
Thus, the total IQE follows 
𝐼𝐼𝐼𝐼𝐸𝐸(𝜆𝜆,𝑉𝑉) = 𝐼𝐼𝐼𝐼𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆(𝜆𝜆) + 𝐼𝐼𝐼𝐼𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝜆𝜆) = 1 − exp[−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑+1     (4.12) 
While the IQE only considers incident photons that are absorbed in the absorber layer, 
the external quantum efficiency (EQE) accounts for photons that reflect off the surface of 
the film or interfaces within the device as well as photons that transmit through the 
device completely, such that 




where R(λ) and T(λ) are the wavelength-dependent percent reflectance and transmittance, 
respectively. 
The EQE response of CIGSSe and CZTSSe solar cells under various biases is 
shown in Figure 4.6.  The figure also depicts the derivative of the EQE response for both 
devices in order to estimate the band gap for each absorber; since the inflection point in 
the long-wavelength response corresponds to the absorption edge for the absorber, the 
wavelength where the maximum in the derivative of the response occurs provides a 
reliable estimate for the absorber band gap.20   
 
Figure 4.7 EQE response for CZTSSe and CIGSSe solar cells at various voltage bias 
conditions.  The solid black line corresponds to short-circuit condition (0 V), the dashed 
black line to forward bias (maximum power point, MP; 0.325 V for CZTSSe and 0.51 V 
for CIGSSe), and the red solid line to the ratio between the reverse bias (-0.5 V) and 
short-circuit response.  The dotted black line represents the derivative of the short-circuit 
EQE response, used to estimate the absorber band gaps; for these cells, the CZTSSe band 
gap is roughly 1.05 eV, while that for CIGSSe is estimated to be 1.2 eV.  The CIGSSe 
figure is reproduced from McLeod et al, Progress in Photovoltaics: Research & 





The CIGSSe device demonstrates generally more ideal behavior than its CZTSSe 
counterpart.  The smaller slope of the CIGSSe data in the diffusion-limited range from 
550-900 nm compared to that for CZTSSe from 550-1000 nm indicates the minority 
carrier diffusion length in the CIGSSe absorber is longer than is the case for CZTSSe.  
(Note that the range of concern is extended for the CZTSSe device compared to the 
CIGSSe cell due to the slightly lower band gap of CZTSSe).  The effect on the EQE 
response from applying reverse and forward biases to the devices further supports this 
conclusion.  When applying a reverse bias to the device, the depletion region is extended 
deeper into the absorber layer, while a forward bias shrinks the depletion region width in 
the absorber.  For short minority carrier diffusion lengths, increasing the depletion region 
width in the absorber increases carrier collection at long wavelengths, since carriers 
generated deep in the absorber do not need to diffuse as far toward the junction before 
entering the depletion region and being swept to the junction by the electric field; 
likewise, decreasing the depletion width decreases collection at long wavelengths.  While 
neither device shows notable increase in carrier collection in reverse bias, the reduction in 
collection under forward bias is significantly less drastic for the CIGSSe device than for 
its CZTSSe counterpart.  This observation could indicate that the minority carrier 
diffusion length is shorter for CZTSSe than for CIGSSe, but the depletion width is a 
stronger function of voltage for the CZTSSe absorber than for CIGSSe.  In any case, the 
significant reduction in carrier collection and the increase in the slope of the EQE 
response in the diffusion-limited regime observed for CZTSSe under forward bias further 




The CIGSSe EQE response also demonstrates more ideal behavior than CZTSSe 
near the absorption edge, since the cutoff in collection is much more abrupt in the case of 
CIGSSe.  High densities of defects at energy levels near the absorber conduction and/or 
valence band edge(s) introduce sub-band gap tail states that can participate in both carrier 
generation and recombination.  This band-tailing phenomenon manifests as a smaller 
slope in the EQE response near the absorption edge.  Urbach tail analysis provides a 
means of estimating the characteristic energy of the defect distribution near the band 
edge(s).  In this model, the absorption coefficient is described by a piecewise function, 
with α(hν) following the conventional model (Equation 4.9) above the band gap but 
modified to account for an exponential distribution of defect states near the band edge: 
      𝛼𝛼(ℎ𝜐𝜐) =  �𝐴𝐴0� 𝐸𝐸𝑈𝑈2exp (1) exp �ℎ𝜐𝜐−𝐸𝐸𝐺𝐺𝐸𝐸𝑈𝑈 �       𝑓𝑓𝑓𝑓𝑓𝑓  ℎ𝜐𝜐 < 𝐸𝐸𝐺𝐺 + 𝐸𝐸𝑈𝑈/2
𝐴𝐴0�ℎ𝜐𝜐 − 𝐸𝐸𝐺𝐺            𝑓𝑓𝑓𝑓𝑓𝑓  ℎ𝜐𝜐 ≥ 𝐸𝐸𝐺𝐺 + 𝐸𝐸𝑈𝑈/2                  (4.14) 
where ν is the photon frequency given by ν=c/λ and EU is the characteristic Urbach tail 
energy of the defect distribution.169  Given the conventional relationship between EQE 
and α(hν) from Equation 4.9, a plot of ln(-ln(1-EQE)) vs. hν linearizes the region of the 
EQE response where band tails prevail, and the slope of the data in the region gives 
EU.169  This analysis yields Urbach energies of 33 and 15 meV for CZTSSe and CIGSSe, 
respectively, demonstrating that band tails impact CZTSSe device performance more 





Figure 4.8 Urbach tail analysis for CZTSSe and CIGSSe solar cells. 
 
 Generalized Temperature-Dependent Current-Voltage Analysis 
The IVT analysis in Section 4.3.1 clearly demonstrates the non-ideal behavior of 
the CZTSSe device – namely, the strongly temperature-dependent ideality factor outside 
the theoretically sensible range from 1 to 2 and the failure of the saturation current model.  
The EQE analysis in Section 4.3.2 offers further evidence of the non-ideal characteristics 
of CZTSSe via the strongly voltage-dependent current collection measured in forward 
bias, which necessitates the use of Equation 4.7 (rather than the simpler Equation 4.6) 
when performing IVT analysis.  A detailed discussion of a method to determine and 
interpret the voltage-dependent collection function is presented in Section 4.3.4.  First, it 
is worthwhile to develop a generalized technique to analyze the non-ideal IVT 
characteristics measured for CZTSSe cells. 
Recall Equation 4.3 – the model for the temperature dependence of Jo.  For 




(presumably) due to the temperature-dependent ideality factor.  However, while 
accounting for n(T) in the modified Richardson plot (n*ln(Jo) vs. 1/kT) does produce 
linear data, the mathematically equivalent plot of ln(Jo) vs. 1/nkT fails to generate the 
equivalent result.  This observation suggests that the modified Richardson plot only 
linearizes the data because the recombination activation energy EA is a linear function of 
temperature.  The band gap Eg of a semiconductor is well-known to be temperature 
dependent, and furthermore the form of the temperature dependence can often be 
accurately described by a linear function.170–172 In the case of dominant recombination 
across the band gap, involving a combination of one band edge and a defect site near the 
other, or even between defect sites near both band edges, EA trends with Eg, giving 
𝐸𝐸𝐴𝐴(𝑇𝑇) = 𝐸𝐸𝐴𝐴,0 + 𝛽𝛽𝑇𝑇       (4.15) 
where EA,0 is the recombination activation energy at 0 K and β is the linear activation 
energy temperature coefficient.  For Si, β has been reported to be 0.01 to 0.07 meV/K.170–
172  When performing IVT analysis for CZTSSe solar cells, the temperature dependence 
of EA must be considered.113,120,173 
The band tails evidenced for the CZTSSe absorber by the EQE analysis in Section 
4.3.2 introduce another non-ideal, temperature dependence into the electrical device 
model.174,175  For temperatures above 0 K, these band tails/potential fluctuations reduce 
the recombination activation energy by the variance in the magnitude of the fluctuations 
in the band edge(s) according to174,175 




where ĒA is the mean recombination activation energy and 𝜎𝜎𝐸𝐸𝐴𝐴 is the standard deviation 
in the distribution of defect states around the band edge.  Since this model assumes a 
Gaussian distribution of defect states while the Urbach tail model assumes an exponential 
distribution, 𝜎𝜎𝐸𝐸𝐴𝐴 ≈ 2EU. 
 Collectively, the temperature-dependent activation energy and ideality factor and 
the voltage-dependent carrier collection necessitate a generalized IVT model for CZTSSe 
devices in order to determine the degree to which these phenomena affect the measured 
IVT characteristics.  As shown in detail in Reference 113, incorporating these non-
idealities into the saturation current model (i.e. replacing EA in Equation 4.3 with ĒA and 
combining Equations 4.3, 4.15, and 4.16) gives 
𝐽𝐽𝑜𝑜(𝑇𝑇) = 𝐽𝐽𝑜𝑜𝑜𝑜exp �−�Ē𝐴𝐴,0−𝛾𝛾𝑇𝑇�𝑛𝑛(𝑇𝑇)𝑘𝑘𝑇𝑇 �      (4.17) 
𝛾𝛾 = 𝛽𝛽 + 𝛤𝛤𝜎𝜎𝐸𝐸𝐴𝐴2
2
        (4.18) 
where 𝛤𝛤 is related to the slope of a plot of 1/(n(T)kT) vs. T, which is linear for the bulk 
recombination model of n(T) presented in Section 4.3.1.  (Since the potential fluctuations 
exist throughout the bulk of the CZTSSe absorber – including at the interface – the bulk 
recombination model for the ideality factor is considered.)  Likewise, the temperature 
dependence of the open-circuit voltage becomes 
𝑉𝑉𝑂𝑂𝑆𝑆(𝑇𝑇) = Ē𝐴𝐴,0−𝛽𝛽𝑇𝑇𝑞𝑞 − 𝜎𝜎𝐸𝐸𝐴𝐴22𝑛𝑛(𝑇𝑇)𝑘𝑘𝑇𝑇𝑞𝑞 − 𝑛𝑛(𝑇𝑇)𝑘𝑘𝑇𝑇𝑞𝑞 ln � 𝐽𝐽𝑜𝑜𝑜𝑜𝐽𝐽𝑆𝑆𝑆𝑆(𝑇𝑇)𝜂𝜂(𝑉𝑉𝑂𝑂𝑆𝑆,𝑇𝑇)�    (4.19) 
Many of the model parameters in Equation 4.19 can be estimated independently.  The 
IVT characteristics under illumination directly provide the short-circuit current density 




temperature by the ratio of the dark current density to the JSC.176  Analyzing the dark IV 
data at each temperature according to Sites’ method as described by Hegedus and 
Shafarman124 allows the calculation of estimated values for the ideality factor n and the 
saturation current density Jo.  In turn, the Jo(T) data can be fit according to Equation 4.17 
by making initial guesses for Joo and γ and iteratively plotting ln(Jo/Joo) – γ/n(T)k vs. 
1/n(T)kT and n(T)ln(Jo/Joo) vs. 1/kT with successively improved estimates of Joo and γ.113  
Urbach tail analysis of the EQE data at room temperature can be used to approximate 𝜎𝜎𝐸𝐸𝐴𝐴 
assuming it is essentially independent of temperature (although temperature-dependent 
EQE analysis would provide a more rigorous means of determining 𝜎𝜎𝐸𝐸𝐴𝐴).  The value of 𝛤𝛤 
in Equation 4.18 can be determined from a plot of a plot of 1/(n(T)kT) vs. T, thus 
allowing the calculation of β.  Alternatively, once all other parameters in Equation 4.19 
have been estimated, β can serve as a fit parameter along with ĒA,0 (since β appears in a 
temperature-dependent term and ĒA,0 does not) in order to fit the modeled temperature-
dependent VOC to the experimentally measured values.  Table 4.1 presents the values of 
these model parameters estimated according to the methods described (using β as a fit 
parameter), and Figure 4.8 plots the modeled VOC(T) against the measured values, 
demonstrating excellent fit (R2 = 0.98) considering the collective error associated with 
approximating the model parameters. 
 
Table 4.1 Estimated CZTSSe device parameters for the proposed generalized 
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Figure 4.9 Modeled vs. measured temperature-dependent VOC. 
 
 To further support the quality with which the model fits the VOC(T) data, the 
value of β in Table 4.1 can be used to calculate the band gap at 0 K, Eg,0, according to the 
analogous formula to Equation 4.15 for the band gap temperature dependence.  This 
calculation yields a value of 1.41 eV for Eg,0, which agrees well with the fitted value of 
ĒA,0.  The value for β reported here is comparable to that reported for CZTS thin films in 
literature (0.86 meV/K)177 but is one to two orders of magnitude greater than the values 
reported for Si.  The latter observation demonstrates why the temperature dependence of 
EA can be neglected when analyzing Si solar cells but must be considered for CZTSSe 
devices.  Overall, accounting for band tails/potential fluctuations in CZTSSe absorbers 
enables accurate modeling of non-ideal, temperature-dependent device characteristics. 
 Generalized Voltage-Dependent Quantum Efficiency Analysis 
 Since conventional temperature-dependent JV characterization fails to accurately 
describe the behavior of non-ideal CZTSSe solar cells, it is important to evaluate the 
validity of the assumptions in conventional EQE analysis when testing these devices.  In 




herein (~650 nm thickness for the large-grain CZTSSe layer) the assumption that the 
combined width of the space-charge region and the minority carrier diffusion length is 
much shorter than the active absorber thickness is questionable; in this case, the effects of 
recombination at the back of the absorber film may not be negligible.  Thus, an analogous 
formula to Equation 4.12 must be derived allowing for thin absorbers and back surface 
recombination effects. 
 Figure 4.10 displays the room-temperature JV characteristics for a 9.3% efficient 
CZTSSe cell as well as the zero-bias external quantum efficiency data, wavelength-
dependent reflectance of incident photons normal to the cell surface, and resulting 
internal quantum efficiency response of the cell; Figure 4.11 shows the voltage- and 
wavelength-dependent IQE and the IQE integrated over λ plotted against the series 
resistance-corrected bias voltage on the same axes as the collection efficiency calculated 
from the difference in the light and dark JV characteristics normalized to JSC.176 
 
Figure 4.10 Room-temperature JV characteristics (left) and zero-bias EQE, R, and IQE 





Figure 4.11 (A) IQE(λ,V) for various biases ranging from -1 V to +0.385 V, and (B) 
IQE(V) after integrating over λ plotted with the collection efficiency calculated from the 
light and dark JV characteristics. 
 
 As generalized quantum efficiency models are developed in the ensuing sections, 
they will be applied to the data in Figure 4.11. 
4.3.4.1 Diffusion-Limited Collection 
 For convenience, let us define the overall IQE(λ,V) as the product of a diffusion-
limited term IQEλ(λ,V) that is primarily wavelength-dependent and an exclusively 
voltage-dependent term fV(V). 
𝐼𝐼𝐼𝐼𝐸𝐸(𝜆𝜆,𝑉𝑉) =  𝐼𝐼𝐼𝐼𝐸𝐸𝜆𝜆(𝜆𝜆,𝑉𝑉) × ƒ𝑉𝑉(𝑉𝑉)      (4.20) 
 Then, we can write IQEλ(λ,V) as the sum of the SCR and diffusion contributions 
to the quantum efficiency, as in Equation 4.12.  The form of IQESCR(λ,V) is unchanged 
by allowing for a thin absorber and back surface recombination effects, since the electric 
field across the SCR in a one-sided junction such as that for CZTSSe/CdS is sufficiently 
strong that the assumption that nearly 100% of carriers that reach the SCR are collected is 




𝐼𝐼𝐼𝐼𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝜆𝜆,𝑉𝑉) = ∫ 𝛼𝛼(𝜆𝜆)exp[−𝛼𝛼(𝜆𝜆)𝑥𝑥]𝑑𝑑𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆(𝑉𝑉) × 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑥𝑥) 𝜕𝜕𝑥𝑥   (4.21a) 








   (4.21b) 
 
where LD is the diffusion length, d is the thickness of large-grain CZTSSe layer in the 
absorber (since the fine-grain layer is assumed to not contribute photogenerated carries), 
and WSCR(V) is the voltage-dependent SCR width.  Solving Equation 4.21 and 
combining with Equation 4.10, we find a generalized diffusion-limited IQEλ model for an 
arbitrary device thickness, following: 
𝐼𝐼𝐼𝐼𝐸𝐸𝜆𝜆(𝜆𝜆,𝑉𝑉)= 1 − 𝑒𝑒−𝛼𝛼𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆
+ 𝛼𝛼𝐿𝐿𝐷𝐷𝑒𝑒−𝛼𝛼(𝑑𝑑+𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆) �𝑒𝑒𝛼𝛼𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆(𝑆𝑆𝐵𝐵𝜏𝜏 − 𝛼𝛼𝐿𝐿𝐷𝐷2 ) + 𝑒𝑒𝛼𝛼𝑑𝑑�(𝛼𝛼𝐿𝐿𝐷𝐷2 − 𝑆𝑆𝐵𝐵𝜏𝜏) Cosh[𝑧𝑧] + 𝐿𝐿𝐷𝐷(𝛼𝛼𝑆𝑆𝐵𝐵𝜏𝜏 − 1) Sinh[𝑧𝑧]��(𝛼𝛼2𝐿𝐿𝐷𝐷2 − 1)(𝐿𝐿𝐷𝐷 Cosh[𝑧𝑧] + 𝑆𝑆𝐵𝐵𝜏𝜏 Sinh[𝑧𝑧])  
(4.22) 
where WSCR = WSCR(V), α = α(λ), z = (d – W)/LD, and τ is the minority carrier lifetime. 
This generalized IQEλ model is consistent with the classical model of Equation 4.12 in 
the limit of a semi-infinite absorber thickness (d >> (WSCR(V) + LD)) and a neutral back 
surface (SB = LD/τ).  While this model assumes negligible recombination in the SCR 
and/or at the heterojunction interface, any significant recombination due to these factors 
is accounted for in ƒV(V) of Equation 4.20 since all carriers would be equally effected by 





 Using values of WSCR(V) estimated according to [179], Equation 4.22 can be fit to 
the experimental data in Figure 4.11 similarly as described by Gokmen et al180 in order to 
provide estimates for LD, SB, and α(λ).  Indeed, utilizing three fit parameters introduces 
doubt into the reliability of such a fit; however, similarly as described by Scheer and 
Schock,178 LD and SB are not mutually exclusive but rather interdependent.  Therefore, 
assuming physically reasonable values of SB for a passivated back surface (SB < LD/τ; 
~102 cm/s), a neutral back surface (SB = LD/τ; ~104 cm/s), and a highly defective back 
surface (SB > LD/τ; ~106 cm/s), fitting Equation 4.22 to the experimental data yields 
estimates of LD ranging from 790 to 2400 nm given a CZTSSe minority carrier lifetime 
of 2.3 ns as estimated from time-resolved photoluminescence (TRPL) depicted in Figure 
4.12. 
 
Figure 4.12 TRPL response from the CZTSSe solar cell under test, highlighting the linear 





 For the purposes of this discussion, it is only important to acknowledge that 
Equation 4.22 fits the experimental data well for reasonable values of LD, SB, and α(λ); 
indeed, for any of the pairs of values of LD and SB mentioned above and α(λ) on the order 
of 104-105 cm-1 for λ ≤ 1130 nm (similar to that reported in literature180), Equation 4.22 
fits the experimental data well for applied biases up to +0.15 V, as depicted by the small 
(< 2%) and wavelength-independent error (Figure 4.13) between the experimental data 
and the fit.  Therefore, we conclude Equation 4.22 accurately captures the SCR and 
diffusion contributions to the quantum efficiency of the device. 
 
Figure 4.13 Percent error in the residuals between the experimental EQE data and the fit 
according to Equation 4.22 at various biases.  
 
4.3.4.2 Recombination-Limited Collection 
  After solving for the diffusion-limited carrier collection regime, recombination-
limited carrier collection in forward bias can be analyzed according to the full carrier 
collection model of Equation 4.20.  Accordingly, IQEλ(λ,V) can be divided from the 




Here we verify that diffusion-limited carrier collection fails to account for the full voltage 
dependence of the QE data, as ƒV(V) < 1 occurs as the bias voltage approaches VOC. 
Additionally, we see that diffusion-limited carrier collection dominates for biases < +0.3 
V since ƒV(V) ≈ 1 in this range; reverse bias data is not shown in Figure 4.14, though 
ƒV(V) ≈ 1 is similarly observed.  Therefore, we conclude that diffusion-limited collection 
has been accurately accounted for by the analysis described in the preceding section and 
only a recombination mechanism which affects all carriers equally remains.  Several 
models for voltage-dependent collection affecting all carriers equally have been proposed 
in the literature.124,168,176,178,181 
 
Figure 4.14 Best fits to the experimental data for the cases of voltage-dependent 
collection due to tail state (TSR), space-charge region (SCR), and interface (IFR) 
recombination. For the TSR model, ƒo is 7.7e-6 and Vo is 37 mV; for the SCR model, Vo 
is taken to be the light-dark crossover voltage, 0.416 V, and XC is 23.4; and for the IFR 




4.3.4.2.1 Interface and Space-Charge Region Recombination 
One recombination model proposed to explain performance limitations in thin-
film solar cells is recombination at the heterojunction interface due to a significant 
number of interface defect states.  Under such an interface recombination (IFR) model, 
applied to CdTe and CuXS solar cells, recombination at the heterojunction interface 
increases as the electric field decreases at the junction in forward bias.178,181  In this 
model, the resulting model for the recombination-limited collection efficiency ƒV follows 
𝑓𝑓𝑉𝑉(𝑉𝑉) = 𝐹𝐹(𝑉𝑉)𝐹𝐹(𝑉𝑉)+𝑆𝑆𝐼𝐼𝐼𝐼/µ     (4.23a) 
𝐹𝐹(𝑉𝑉) = 2(𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉)
𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆(𝑉𝑉)     (4.23b) 
where F(V) is the electric field in the depletion region of a one-sided junction, SIF is the 
interfacial recombination velocity, and Vbi is the built-in potential of the device 
(estimated from the light/dark JV crossover voltage). This model can be fit to the 
experimental data for a single parameter SIF/μ, which relates the interface recombination 
velocity to the minority carrier mobility. A plot of Equation 4.23 for various values of 
SIF/μ is shown in Figure 4.15 compared to the experimental data.  
Here we find that no reasonable fit to the data could be obtained from the IFR 
model to explain the voltage-dependence of the forward-bias QE data.  Specifically, the 
measured reduction of ƒV(V) in forward bias near VOC cannot be reconciled with the 
reasonably high values of ƒV(V) at 0 V and low forward bias.  While interface 
recombination limitations are commonly suggested to be responsible for the universally 
low VOC’s reported in CZTSSe devices,25,119 the analysis presented here suggests 




conclusions were drawn from JVT analysis of CZTSSe in Section 4.3.3,113 where 
interface recombination limitations can be misinterpreted from the data due to non-ideal 
device behavior. 
Figure 4.15 Experimental fV data plotted with the IFR model using various values of 
SIF/µ. 
 
 An alternative model to account for reductions in carrier collection is 
recombination in the SCR.  Under such a model, the number of carriers which are 
generated in or diffuse to the SCR can be reduced by recombination in the SCR due to a 
low μτ-product or low electric field.  In other words, the minority carrier lifetime 
approaches the drift time of carriers crossing the depletion region.  This effect is 
especially important for p-i-n device structures such as a-Si as well as for CdTe 
devices.124,168,176  In the case of strongly absorbed light (i.e. a high absorption coefficient), 
the minority carrier diffusion equations can be approximated to find: 
𝑓𝑓𝑉𝑉(𝑉𝑉) = 𝑋𝑋(𝑉𝑉)[1 − exp(−𝑋𝑋(𝑉𝑉)−1)]    (4.24a) 




where V0 is comparable to the light-dark crossover voltage and XC is the fitting parameter 
dependent upon the electric field. The value of XC can be interpreted as the ratio of the 
minority carrier lifetime and the effective transient time of carriers traveling across the 
SCR (τSCR), which for a uniform field can be simplified to: 
𝑋𝑋𝑆𝑆 =  𝜏𝜏𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆         (4.25) 
where τSCR is the transit time of minority carriers across the SCR. 
As with the IFR model, a reasonable fit to the model could not be fit to the 
measured voltage dependent QE data. The best fit to the SCR model was obtained for XC 
= 23, presented in Figure 4.14.  Again similar to IFR, the measured reduction of ƒV(V) in 
forward bias cannot be reconciled with the reasonably high values of ƒV(V) for V < +0.3 
V following the functional form of Equation 4.24. 
 Both IFR and SCR recombination limitations are found to have similar behavior, 
shown in Figure 4.14, and these models would be difficult to distinguish from QE 
analysis alone.  It should be noted that in principle a combination of both of these 
processes may also contribute to collection limitations in the device.  However, IFR, SCR 
recombination, and/or a combination of these mechanism all fail to capture the voltage 
dependence of the measured ƒV(V) data; namely, significant reductions in ƒV(V) does not 
occur until V > +0.3 V.  In general, while these mechanisms may have reasonable 
justification to exist in CZTSSe, they are not expected to be the dominant limitation in 
ƒV(V) due to their functional form.  A good indication that IFR and SCR recombination 
limitations are not significant in the device can be drawn from the notably high values of 
IQE(λ,0 V) (near 100%) at 560 nm, as significant losses due to these mechanisms would 




4.3.4.2.2 Tail State Recombination 
 An alternative explanation for reductions in carrier collection in forward bias is 
proposed to originate from enhanced voltage-dependent recombination rates in the device. 
Recently, band tail states/potential fluctuations have gained interest in the 
characterization of CZTSSe solar cells.111,113  Additionally, photoluminescence (PL) 
analysis has indicated that recombination in CZTSSe is dominated by free-to-bound 
transitions at 300 K.116,117  These potential fluctuations have been linked with the reduced 
VOC’s commonly reported for CZTSSe.111,113  For nanocrystal-based CZTSSe and 
CZTGeSSe solar cells, JVT analysis has identified such potential fluctuations, and 
recombination via these states has been linked to the following (related) parameters: high 
saturation currents, reduced diode activation energies, increased ideality factors, reduced 
open-circuit voltages, and ultimately reduced device performance.113  The role of band 
tail dominated recombination in limiting open-circuit voltage and device performance has 
similarly been characterized in detail for a-Si and organic solar cells.182,183  Here we 
illustrate that recombination via these tail states within the mobility gap of the absorber 
can also manifest as reduced photogenerated carrier collection near VOC. 
 For recombination limited by tail states, the recombination rate is proportional to 
the rate of free holes recombining with trapped electrons in the conduction band tail 
states or free electrons recombining with trapped holes in the valence band tail 
states.182,183  As these tail states extend into the mobility gap, an exponential increase in 
tail state occupancy occurs as the quasi-Fermi level splitting is increased.  Therefore, the 
number of carriers involved in recombination (free carriers in addition to trapped carriers 




relative to a traditional cell.  In this case, the voltage-dependent recombination rate R(V) 
follows: 
𝑅𝑅(𝑉𝑉) ∝ 𝑛𝑛𝑡𝑡  or 𝑝𝑝𝑡𝑡 ∝ exp �𝐸𝐸𝑡𝑡𝑡𝑡−𝐸𝐸𝑆𝑆𝑘𝑘𝑇𝑇∗ �  or exp �𝐸𝐸𝑉𝑉−𝐸𝐸𝑡𝑡𝑡𝑡𝑘𝑘𝑇𝑇∗ �      (4.26) 
where kT* is the characteristic energy of the distribution of tail states into the mobility 
gap, EC and EV are the conduction and valence band edges, respectively, and Etn and Etp 
are the trap quasi-Fermi levels for electrons and holes, respectively.  Note that the 
difference between the trap quasi-Fermi level and the corresponding band edge scale 
linearly but oppositely with the applied voltage bias; that is, as the bias is increased, the 
quasi-Fermi levels move closer to the band edges with a leaner voltage dependence.  
Additionally, the value of kT* can be related to EU measured from absorption depending 
on the nature of the potential fluctuations (i.e. electrostatic vs. band gap potential 
fluctuations).  It should also be noted that the increase in carriers available for 
recombination is reflected as an increase in the proportionality constant for 
recombination (i.e. Jo) for devices with band tail limiting recombination.  The 
recombination mechanism described here has previously been characterized for 
nanocrystal-based CZTSSe from temperature-dependent JV measurements;113 an 
additional contribution to recombination/ideality factor is included for low temperature 
measurements when tunneling contributions can be significant.  
 The recombination limited carrier collection factor, fV(V), can be formulated from 
Equation 4.26 following:  




where G is the constant generation rate for a given illumination, fo is a constant associated 
with the total number of carriers available for recombination and the generation rate, and 
Vo is a constant related to kT*/q.  Equation 4.27 therefore represents a model for voltage-
dependent collection due to tail state recombination (TSR) that can be fit to the 
experimental data using fo and Vo as fitting parameters, though information about the 
approximate value of Vo is independently available via estimating EU from the EQE data, 
as in Figure 4.8. 
 The TSR model fits the experimental data remarkably well for fo = 7.7e-6 and Vo 
= 37 mV, as shown in Figure 4.14, suggesting that recombination due to potential 
fluctuations in the CZTSSe absorber is responsible for the measured voltage-dependent 
collection; note that the fitted value of qVo is in close agreement with the value of 33 
meV estimated for EU from the EQE data in Section 4.3.2.  In fact, the functional form of 
fV(V) discussed here would be expected for any recombination rate which scales with the 
carrier concentration.  Therefore, voltage-deponent collection can be expected as a 
general result of recombination in a solar cell, where an increase in injected current 
occurs in forward bias.184,185  However, for an ideal cell, voltage-dependent collection 
and failure of superposition can be reasonably ignored until applied biases increase above 
VOC.  In contrast, devices with significant recombination, such as that described here with 
band tail recombination, can result in values of fo large enough to experience limiting 
voltage-dependent collection near VOC.  We propose these results are generally applicable 
to non-ideal devices characterized with high Jo, which we have previously attributed to 




behavior identified here for CZTSSe is associated with significant recombination via 
band tail states. 
 It should be noted that a blocking barrier to carrier collection can also cause 
voltage-dependent collection,178 and furthermore that the particular voltage dependence 
in such a case should follow the same functional form as the TSR model (see Appendix 
C).  Since a small spike in the conduction band offset is expected for a CZTSe/CdS 
junction, we cannot rule out the possibility that a blocking barrier contributes to the 
observed voltage-dependent collection.  However, since the absorber in the device under 
test contains residual sulfur, its conduction band minimum should be higher than that of 
pure selenide CZTSe, and thus any spike at the junction should be minimal.  In any case, 
the voltage-dependence of fV in the scenario of a blocking barrier depends on the 
thermionic emission of carriers over the barrier.  Therefore, temperature-dependent QE 
analysis is expected to further elucidate the origin of voltage-dependent collection in 
CZTSSe solar cells – in fact, all analysis considered here can be further expanded upon 
with temperature-dependent QE analysis.  Moreover, the analysis described herein could 
be performed on devices with Ge-alloyed CZTGeSSe absorbers containing various 
amounts of Ge relative to Sn (as well as at various temperatures), since such alloying 
increases the conduction band minimum for increasing Ge/(Ge+Sn) ratio99,113 as well as 
modifies the minority carrier lifetime. 
4.4 Conclusions 
 Solar cells with CIGSSe and CZTSSe absorbers processed from nanocrystal inks 
have been characterized using conventional temperature-dependent current-voltage (IVT) 




existing, idealized models developed for these techniques apply to the CIGSSe device 
fairly well; however, non-idealities in the CZTSSe cell manifested as a high saturation 
current and temperature-dependent ideality factor and recombination activation energy in 
IVT analysis and band tails near the absorption edge in EQE measurements suggest the 
simplified models fail to accurately capture the behavior of the CZTSSe device.  As a 
result, generalized models for IVT and voltage-biased EQE analysis are developed and 
applied to experimentally measured CZTSSe characteristics, showing good agreement 
between the modeled and measured behaviors.  In particular, accounting for potential 
fluctuations in the energy bands of the CZTSSe absorber due to physical nano- and 
micron-scale defects yields models that capture the temperature dependence of the VOC 
and the strongly voltage-dependent collection efficiency of photogenerated carriers for 
applied forward biases near VOC.  The analysis consequently indicates that the potential 
fluctuations in the CZTSSe absorber represent a primary, fundamental limitation to VOC 
in CZTSSe solar cells.  Moreover, this work demonstrates that the failure to account for 
non-idealities when performing IVT analysis can lead to a misinterpretation of the 
experimental data and consequent arrival at erroneous conclusions; for example, without 
accounting for the temperature-dependence of the ideality factor and the recombination 
activation energy, extrapolating the temperature-dependent VOC data to 0 K results in the 
inaccurate estimation of an activation energy well below the absorber band gap, which in 
turn leads to the unsound conclusion that interface recombination represents the primary 





CHAPTER 5. CHEMICAL-MECHANICAL POLISHING OF CZTSSE ABSORBER 
FILMS 
5.1 Introduction 
Chemical-mechanical polishing (CMP) provides a means of smoothing a surface by 
uniformly removing a controllable amount of material based on several experimental 
parameters, such as the polishing cloth/pad and suspension, the duration of the polishing 
treatment, the speed with which the sample is moved over the horizontal polishing cloth, 
and the perpendicular applied force.  In this chapter, work to establish a CMP procedure 
for CZTSSe films is presented.  The process developed removes only a small amount 
(roughly 100-200 nm) of the selenized absorber with each polishing treatment, allowing 
the preparation of films polished to varying depths into the film.  These films are then 
characterized with Raman analysis to obtain a depth profile of the phase composition of 
the selenized CZTSSe absorber.  This polishing technique was also used to investigate 
the effect of utilizing a polished CZTSSe absorber on device performance.  
Recombination at the CZTSSe/CdS interface has long been a concern as a primary 
limitation to cell efficiencies;15,25,112,120 therefore, by treating the CZTSSe absorber 
surface just prior to CdS deposition, we hoped to observe a difference in device 




5.2 Experimental Methods 
Polishing treatments were performed using a Buehler MiniMet 1000 
grinder/polisher with Buehler ChemoMet polishing cloths and MasterPrep suspension of 
0.05 µm alumina particles unless otherwise specified.  In a typical polishing treatment, 
roughly 20 mL of the suspensio were carefully dispensed onto a new polishing cloth so 
that the liquid pooled over nearly the entire surface of the cloth but did not run off the 
side.  The substrate was mounted onto a glass microscope slide using carbon tape, which 
in turn was held to the MiniMet chuck by adhesion with a drop of water.  With the 
MiniMet set to a speed of 20 and a force of 5 lb., the sample was polished for 30 seconds, 
then promptly rinsed thoroughly with ultrapure water and dried with compressed nitrogen 
gas.   In order to remove any alumina particles embedded in the film, the film was 
sonicated in ultrapure water for at least 15 minutes and dried with nitrogen again. 
5.3 Results and Discussion 
 Depth Profile Characterization of CZTSSe Films 
Selenized CZTSSe films on Mo-coated SLG substrates were polished various 
times in order to evaluate the phase purity of the film throughout its thickness.  Raman 
spectra acquired from an unpolished CZTSSe film as well as films polished 1, 2, 3, 5, and 
6 times are presented in Figure 5.1.  The estimate of the total film thickness (i.e. large-
grain CZTSSe plus fine-grain layer) provided for each Raman spectrum was measured 
via SEM cross section images of the films; images for the unpolished, 1x polished, and 






Figure 5.1 Raman spectra for films polished 0, 1, 2, 3, 5, and 6 times. 
 
Figure 5.2 SEM cross section images of films polished 0, 1, and 6 times, with thickness 





Each Raman spectrum in Figure 5.1 is normalized to its sum in order to remove 
sample-to-sample absolute intensity variations, allowing more reliable comparisons 
between data for different samples.  The spectra for films polished 1-3 times appear very 
similar to that for the unpolished film; the peaks match well with those expected for 
CZTSSe, with a small peak near 330 cm-1 corresponding to the residual S remaining at 
anion sites in the crystal.  By comparing the relative intensities of the CZTS signal near 
330 cm-1 and the CZTSe peak at 198 cm-1 as well as the peak location of the CZTS signal 
(which shifts to slightly higher wavenumbers for increasing S content relative to Se),131 
we can obtain a qualitative profile of the S/Se ratio through the depth of the top ~550-600 
nm of the unpolished selenized absorber.  As depicted in Figure 5.3, this analysis 
suggests a S/Se gradient exists in the film, with the relative S content increasing with 
depth below the film surface; such a composition gradient is expected to incur a band gap 
gradient through the depth of the film, not unlike the band gap gradient intentionally 
introduced into CIGSe absorbers via In/Ga composition grading.  In the case of CIGSe, 
the electrical potential gradient provided by In/Ga grading is critical to achieving high 
device efficiency.  Likewise, a S/Se gradient in CZTSSe absorbers selenized from 
nanocrystal films may contribute to the high short-circuit current reported for these 




Figure 5.3 CZTS peak location and CZTS/CZTSe peak intensity ratio as a function of 
depth into the selenized CZTSSe film. 
 
For the films polished 5 and 6 times, the emergence of two peaks near 237 and 
255 cm-1 is observed; these peaks correspond to the condensed Se comprising the fine-
grain layer.  Compositional analysis of the film polished 6 times performed with SEM 
energy-dispersive x-ray spectroscopy (EDS) detected no Cu, Zn, or Sn in the sample 
(Figure 5.4).  This observation conflicts with the Raman data for the same sample, which 
shows small peaks corresponding to some remaining CZTSSe.  However, this 
discrepancy may be attributed to uneven polishing of the film surface; in this scenario, it 
is possible that the comparatively large-area Raman measurement (~10 µm spot diameter) 
probed a region of the sample where the CZTSSe phase had not been completely 
removed, while the small-area SEM-EDS scan captured a region where the film had been 
fully polished to the fine-grain layer.  Regardless, the EDS maps in Figure 5.4 indicate 
that the fine-grain layer does not contain detectable amounts of Cu, Zn, or Sn, agreeing 
with observations from Chapters 2 and 3 that allowing the selenization to proceed to 




incorporation of CZTS cations into large CZTSSe grains.  The EDS data also suggest a 
trace amount of alumina particles may remain in the 6x polished film despite 
ultrasonication in ultrapure water, since the Al signal from the fine-grain layer appears 
slightly stronger than that from the Mo coating on the SLG substrate. 
Figure 5.4 SEM-EDS compositional maps for a CZTSSe film polished 6 times. 
 
 Effect of Polished CZTSSe Absorber on Device Performance 
The room-temperature current-voltage (IV) and EQE characteristics for a solar 
cell with a once-polished CZTSSe absorber are displayed in Figure 5.5; the EQE 
response measured for a standard CZTSSe device is also presented.  The difference in 
current in forward bias between the up (-1 V  1 V) and down (1 V  -1 V) IV sweeps 
indicates notable hysteresis in the polished device due to a difference in the occupied 
traps under reverse and forward biases.  Likewise, the EQE data suggests the presence of 




response peaks for photon wavelengths absorbed by the CdS and drops steeply for longer 
wavelengths.  Because the polished CZTSSe absorber films produce high quality Raman 
data using a 633 nm laser, we primarily attribute the severe reduction in EQE response 
for the polished device compared to the standard to a high recombination rate for 
photogenerated carriers rather than a reduction in the number of photogenerated carriers.  
In this case, treating the CZTSSe absorber surface via CMP clearly increases interface 
recombination.  This result likely stems from the presence of binary metal oxides found 
to exist at the surface of the polished absorber via x-ray photoelectron spectroscopy 
(XPS).186 
 
Figure 5.5 Current-voltage and EQE characteristics for a CZTSSe solar cell with a 1x 
polished absorber, as well as EQE response for a standard CZTSSe device.  For the IV 
sweeps, “up” refers to a voltage sweeps from -1 V to 1 V, while “down” denotes a sweep 
from 1 V to -1 V.  In the EQE plot, the vertical, dashed lines at 390, 510, and 1160 nm 




 Subsequent annealing treatments were investigated as attempts to cure the 
polished surface and improve the device performance: an annealing step in an inert Ar 
atmosphere and a second selenization.  For the annealing treatment, the polished films 
were heated at ~340 °C for 10 min. in a graphite box without any Se under a 10 sccm 
flow of Ar.  The resulting JV characteristics for polished absorbers are presented in 
Figure 5.6.  While the JSC is fairly comparable for both devices, the VOC and FF are 
markedly lower for the absorber that was selenized a second time after polishing due to a 
slightly higher series resistance and a significantly lower shunt resistance.  Likewise, the 
ideality factor and saturation current are notably higher for the absorber selenized after 
polishing. 
Figure 5.6 JV characteristics for CZTSSe devices with polished and treated absorbers in 





Figure 5.7 displays Raman spectra for the films treated with each post-polishing 
treatment.  The data for the film selenized a second after polishing time exhibits a 
reduction in the peaks corresponding to a residual sulfide phase (205 and 330 cm-1) and 
an increase in the intensity of the signal near 238 cm-1.  The latter difference may be 
attributable to a difference in the (dis)order of cation-related defects within the absorber 
matieral, since similar changes in the relative intensity of secondary Raman signals have 
been observed for CZTS films upon annealing 160, 200, and 350 °C for 24, 1, and 1 hr., 
respectively.110  Such a difference in the relative cation disorder may be accountable for 
the measured difference in the device performance in Figure 5.6. 
  








With the hope of addressing the possibility of absorber/buffer interface 
recombination limitations to VOC in CZTSSe solar cells, a chemical-mechanical polishing 
procedure has been developed to allow modification of the CZTSSe absorber layer 
surface and, in turn, the CZTSSe/CdS buffer interface.  However, absorbers treated with 
a single application of this procedure – removing roughly 350-400 nm of the film – 
produce solar cells that fail to generate any useful photocurrent.  The device performance 
can be somewhat recovered by performing various annealing treatments after polishing, 
but improvements over the standard devices with unpolished absobers were not realized.  
Nonetheless, the polishing procedure provides a means of depth-profile characterization 
of the film.  Raman spectroscopy performed on films polished to varying degrees 
suggests a gradient in the relative amounts of S and Se exists in the absorber, with the 
S/(S+Se) ratio increasing from the film surface to the Mo back contact.  Not unlike In/Ga 
grading in CIGSSe solar cells, such a composition gradient is expected incur a band gap 
increase from the absorber/buffer interface to the back of the absorber, which in turn may 
be accountable for the high JSC and long diffusion length measured for CZTSSe solar 
cells in Chapters 2 and 4 despite the thinness of the CZTSSe absorber (< 1 um) and its 





CHAPTER 6. SYNTHESIS OF CZTS NANOCRYSTALS WITH LOW-BOILING 
SOLVENT AND LIGAND 
6.1 Introduction 
Due to the carbonaceous nature of the fine-grain layer observed between the Mo 
back contact and selenized CZTSSe large grains, the formation of this layer is 
hypothesized to be at least partially attributable to the heavy organic solvent and ligand – 
namely oleylamine – used in the CZTS nanocrystal synthesis.  Moreover, CZTSSe device 
simulations have pointed to the fine-grain layer as a potential cause of a low built-in 
voltage (VBI) measured for these devices,187 and a reduction in the fine-grain layer 
thickness has been experimentally associated with a reduction in the series resistance 
across solar cells with CZTSSe absorbers.18  Thus, further reduction or complete 
elimination of the carbonaceous fine-grain layer is expected to benefit CZTSSe device 
efficiencies.  Low-boiling organic solvents and ligands with chemistries similar to 
oleylamine are of particular interest as replacements for oleylamine that may lead to a 
reduction in the amount of residual carbon present in the selenized absorber film.  
However, in order to reach the temperatures typical of CZTS nanocrystal synthesis 
recipes, such low-boiling solvents require the use of a sealed autoclave vessel capable of 
withstanding the autogenous pressure generated at elevated temperature.  Several groups 
have reported the synthesis of CZTS nanocrystals at autogenous pressure in an 




ethylene diamine, which are known chelation ligands.  As a result, the reaction produces 
aggregates of CZTS nanoparticles rather than well dispersed suspensions due to the 
attractive van der Waals forces between small nanoparticles overcoming the 
comparatively weak dispersive forces of the ligands.52  Hexylamine (HA) is therefore an 
interesting solvent for the solvothermal synthesis of CZTS nanocrystals in an autoclave 
due to its chemical similarity to oleylamine and slightly lower boiling point than 
hexanethiol (~130 °C compared to ~150 °C), which is conventionally used as the 
dispersing medium for CZTS nanocrystal inks.  This chapter presents investigations into 
the synthesis of CZTS nanocrystals using short-chain, primary amines (i.e. hexylamine 
and butylamine) as the solvent and capping ligand, as well as the characteristics of films 
selenized from these nanoparticles and the performance of solar cells comprising these 
films as the absorber layer. 
6.2 Experimental Methods 
Syntheses were performed using 45-mL Parr 4744 acid digestion vessels 
(stainless steel vessel with Teflon liner).  During the reaction, the vessel was affixed with 
stainless steel rings to a home-built tumbling mechanism to provide stirring.  The 
tumbling mechanism consists of a motor outside the furnace, a drive shaft that enters the 
furnace through a hole drilled in one furnace wall (sealed around the drive shaft with a 
rubber grommet), and a stainless steel plate fixed to the drive shaft with holes drilled to 
the same diameter as the Parr vessel.  The holes in the tumbling plate were drilled 
symmetrically across the drive shaft and two Parr vessels inverted with respect to one 




weight of the vessels across the drive shaft throughout each revolution of the tumbling 
plate.  The tumbling rate was always set to ~50 rpm. 
All chemicals were used as purchased from Sigma-Aldrich.  Reaction solutions 
were prepared and added to the vessels and the vessels were sealed as tightly as possible 
by hand in a nitrogen glovebox to ensure an inert environment during the reaction.  After 
removing the vessels from the glovebox and before placing them in the furnace to begin 
the reaction process, the vessels were firmly sealed using the Parr spanner wrenches and 
holding fixture. 
A confocal Horiba/Jobin-Yvon XploRA microscope was used for Raman 
measurements in cases where a 532-nm laser was noted as the excitation source.  The 
higher energy of this laser (compared to the 633-nm laser typically used herein) results in 
the Raman measurement being more sensitive to both the surface of the sample – since 
the incident photons do not penetrate as deep into the sample before being scattered – and 
high band gap impurity phases (such as ZnSe) that may be present in the sample. 
6.3 Results and Discussion 
 Nanocrystal Synthesis and Characterization 
Table 6.1 presents selected synthesis conditions.  For all samples except Sample 
41, the precursors used were CuCl, ZnCl2, Sn(acac)2Cl2, and elemental S; for Sample 41, 







Table 6.1 Reaction conditions for selected experimental syntheses of CZTS nanoparticles 
in an autoclave. 
Sample 
(NJCA1XX) Solvent 





(hr.) Cu/(Zn+Sn) Zn/Sn metals/S 
23 HA 0.99 1.04 1.02 200 14 
25 BA/PT 1.01 1.03 1.00 200 14 
29 HA 1.00 1.01 0.96 225 1 
39 HA 0.85 1.07 0.87 160 24 
41 HA 0.86 1.05 0.87 160 24 
 
6.3.1.1 Solvent and Precursor Effects 
Figure 6.1 presents XRD data for Samples 23 and 25, which were synthesized at 
200 °C for 14 hours using different solvents: hexylamine (HA) for Sample 23 and a 50/50 
mixture of butylamine (BA) and propanethiol (PT) by volume for Sample 25.  As seen 
with syntheses at atmospheric pressure,45 including a thiol in the solvent mixture leads to 
the formation of hexagonal wurtzite (rather than tetragonal kesterite) CZTS nanoparticles. 
Nonetheless, both the XRD data and Raman spectra (see Figure 6.2) for Samples 
23 and 25 suggest the particles comprise primarily pure-phase CZTS, since no peaks 
corresponding to binary or ternary impurity phases are observed.  The appearance of the 
primary Raman signal at nearly the same location (338 cm-1) for both kesterite (Sample 
23) and wurtzite (Sample 25) CZTS agrees with reports in literature.42,188  Interestingly, 
the formation of a wurtzite phase is also observed for the low temperature (160 °C) 
synthesis using acetylacetonate cation salts due to the shoulders observed on either side 
of the kesterite CZTS 112 reflection and a small wurtzite peak near 51° 2θ in the XRD 
data for Sample 41 in Figure 6.3.  Conversely, using chloride cation salts for the synthesis 




Figure 6.1 XRD data for nanocrystal Samples NJCA123 and NJCA125, as well as 
Powder Cell simulated XRD spectra for polycrystalline kesterite and wurtzite CZTS.   
 





Figure 6.3 XRD data for nanocrystal Samples NJCA123, NJCA129, NJCA139, and 
NJCA141, as well as Powder Cell simulated XRD spectra for polycrystalline kesterite 
CZTS. 
 
Figure 6.4 Raman data obtained with a 532 nm laser for nanocrystal Samples NJCA123, 




6.3.1.2 Temperature and Time Effects 
The XRD data in Figure 6.3 coupled with Raman scans in Figure 6.4 provide 
valuable information about the effects of the reaction temperature and time.  The 
sharpness of the peaks for particles synthesized at 225 °C (Sample 29) compared to the 
breadth of the signals for particles synthesized at lower temperatures (Samples 23, 39, 
and 41) indicates that higher temperatures lead to more crystalline particles, even with the 
notably shorter reaction time.  The Raman data reveal that longer reaction times may 
yield more phase-pure CZTS particles, since Sample 29 (1 hour reaction) exhibits a 
signature peak from Cu2-δS near 475 cm-1 while Sample 23 (14 hours) produces no 
secondary peaks.  However, the formation of secondary phases is not completely 
independent of the reaction temperature, since Samples 39 and 41 – synthesized at 
160 °C – also generate Raman signals attributed to Cu2-δS despite having been 
synthesized in a 24-hour reaction.  The fact that the Cu2-δS impurity is observed in the 
Raman data for Samples 29, 39, and 41 but not in the XRD scans suggests these particles 
are smaller in size than the CZTS nanocrystals.  This assertion is further supported by a 
size separation of particles synthesized using the same conditions as Sample 29.   
 
Figure 6.5 Diagram of the size separation procedure using sequential centrifugation steps, 





Figure 6.6 Raman data obtained with a 633 nm laser for the Large and Medium particle 
populations collected from NJCA129 particles. 
 
Figure 6.5 presents a diagram of the centrifugation steps utilized to perform the 
size separation, while Figure 6.6 illustrates via Raman data that the largest particles 
obtained from the sample include CZTS and some amount of Cu2-δS but intermediately 
sized particles exhibit only Cu2-δS characteristics.  Thus, the observation that 
comparatively small Cu2-δS particles are present in samples synthesized for short reaction 
times and at low temperatures agrees with reports from literature that the CZTS 
formation pathway begins with the nucleation of small Cu2-δS seeds from which CZTS 
grows via Ostwald ripening.43,157,189 
 Absorber and Device Fabrication and Characterization 
In order to determine the effectiveness of reducing the molecular weight of the 
organic ligands on the nanoparticle surfaces in minimizing or eliminating the fine-grain 




fabricated using CZTS nanoparticle samples synthesized under various conditions in the 
autoclave vessels.  Moreover, the effects of the dispersing medium and coating technique 
were studied by comparing films coated via doctor-blade and spin-coating using 
hexylamine and hexanethiol ink formulations. 
6.3.2.1 Absorber Film Structure and Morphology 
XRD data for films selenized from Samples 23, 25, and 29 are presented in Figure 
6.7.  For all three cases, the selenized film exhibits the kesterite CZTSSe structure.  The 
conversion of wurtzite CZTS nanocrystals to a kesterite selenized film observed for 
Sample 25 has also been observed for wurtzite CZTS particles synthesized at atmospheric 
pressure in oleylamine and selenized according to the same procedure.45   
 





The Raman spectra for these same three samples as well as Sample 41 (Figure 6.8) 
indicate the Cu2S impurity phase in Sample 29 plays a role in converting the sulfide 
nanoparticles into a nearly purely selenide film.  Films from Samples 23, 25, and 41 
exhibit primary CZTSSe signals near 198 cm-1 and small signals near 330 cm-1; the 
former peak is slightly red-shifted from the expected location of 196 cm-1 for purely 
selenide CZTSe, and the latter is attributable to residual sulfide CZTS character in the 
film.  This observation agrees with previous work in characterizing films selenized from 
CZTS nanoparticles, as in Chapters 2 and 5 and elsewhere.45,99,127,189 
 
Figure 6.8 Raman data obtained with a 532 nm laser for films selenized from nanocrystal 





However, the primary signal in Sample 29 occurs right at the expected location 
for purely selenide CZTSe, and little to no signal is observed near 330 cm-1, indicating 
the S/(S+Se) ratio in Sample 29 is approximately zero.  The Raman data furthermore 
suggests Cu2-δSe is present in the film selenized from Sample 29 (evidenced by the 
signal near 260 cm-1) but not that from Sample 41; thus, it is possible that the small 
amount of Cu2S present in Sample 41 nanoparticles compared to that in Sample 29 
(evidenced by the relative intensity of the Cu2-δS and CZTS Raman signatures in these 
samples in Figure 6.4) is insufficient to benefit the selenization to the same extent as is 
the case for Sample 29.  Regardless, a scenario where the relatively small-grain Cu2-δS 
impurity phase does indeed enhance the conversion of sulfide to selenide grains does not 
seem very improbable given the finding from Chapters 2 and 3 that small, Cu-rich 
particles play a key role in initiating the growth of grains that ultimately become CZTSSe.  
The morphology of films coated by various methods with nanocrystal Samples 
123, 125 and 129 and selenized was also investigated; to this end, images of film cross 
sections were captured via scanning electron microscopy (SEM) and are depicted in 
Figure 6.9.  Subsections (a), (b), and (d) of the figure present films coated by the doctor-
blade technique; for the films in (a) and (b), hexylamine was used as the ink dispersing 
medium, while hexanethiol was used for this purpose in (d).  The film in (c) was prepared 
similarly as in [19].  The reaction product mixture (CZTS nanocrystals, byproducts, and 
unreacted precursors in hexylamine) from the autoclave was first spin-coated onto the 
Mo/SLG substrate and annealing at 300 °C in nitrogen to form a thin, ~100 nm layer.  




Figure 6.9 SEM images of cross sections of films selenized from nanocrystal Samples (a) 
23, (b) 25, and (c,d) 29.  The nanocrystal precursor films in (a) and (b) were coated via 
doctor-blade with hexylamine as the ink medium, and (d) was doctor-blade coated with a 
hexanethiol-based ink.  The film in (c) was spin-coated from the reaction product mixture 
directly using the general procedure outlined in [19]. 
 
As demonstrated by the SEM images in Figure 6.9, the selenized film morphology 
is highly dependent upon the ink medium used to prepare the nanocrystal film prior to 
selenization.  Coatings prepared in hexylamine – whether the nanoparticle film comprised 
kesterite CZTS alone (Figure 6.9a), Cu2S and kesterite CZTS (Figure 6.9c), or wurtzite 
CZTS (Figure 6.9b) – yielded selenized films comprising large grains intermixed with 
fine-grain material throughout the depth of the film.  However, after selenization the 
spin-coated films (Figure 6.9c) generally contained less fine-grain material and produced 
more densely packed large grains than doctor-blade coated films.  Notably, the large 




doctor-blade coated in hexylamine (Figure 6.9b) starkly contrasts with the observation of 
almost no fine grains in films selenized from wurtzite CZTS nanoparticle inks in 
hexanethiol reported in literature.45  Moreover, Figure 6.9d illustrates that, when coated 
using the conventional doctor-blade technique and hexanethiol ink formulation, Sample 
29 nanocrystals produce selenized films with the familiar bi-layer morphology, with large 
grains atop fine grains.  Thus, the choice of dispersing medium when formulating the 
nanocrystal ink seems to significantly impact the selenized film morphology. 
It is important to note that the fine grains in Figure 6.9d fundamentally differ from 
those in CZTSSe films processed from CZTS nanocrystals synthesized in oleylamine.  As 
was shown in Chapter 5, the fine-grain layer resulting from oleylamine-capped CZTS 
nanoparticles comprises C and Se but no detectable cations.  However, the fine grains in 
Figure 6.9d consist of unsintered (but selenized) CZTSSe grains.  SEM-EDS 
compositional analysis of the fine-grain layer in a sister cell to the one depicted in Figure 
6.9d shows that the (Cu+Zn+Sn)/Se ratio is roughly 1.1.  The apparent anomaly that this 
value exceeds 1 when the film should be Cu - and therefore cation - deficient can be 
resolved by acknowleding that residual S is likely present; indeed, the 
(Cu+Zn+Sn)/(S+Se) ratio is approximately 0.7, although the overlap of the S 
fluorescence with that from Mo renders the S singal somewhat unreliable.  Regardless, 
since the total amount of cations in the fine grains roughly equals the amount of 
chalcogen, we conclude that these grains are primarily CZTSSe.  A caveat to this 
conclusion could be that the ratio of cations to chalcogen is roughly 1 only because the 
interaction volume of the incident electron beam in the measurement is sufficiently large 




expected to be the case.  First, several measures were taken to prevent this issue: (1) as 
depicted in Figure 6.10, the EDS data was obtained from a section of the fine grains at 
the Mo interface to provide physical separation between the beam and the large CZTSSe 
grains; (2) the sample was tilted 2° such that the interaction volume of the beam would 
protrude primarily into the bottom of the fine-grain layer and Mo back layer; and (3) the 
lowest accelerating voltage that yielded sufficient counts for a reliable quantitative 
measurement - accounting for the high fluorescence threshold of Sn - was used (in this 
case, 15 kV).  Additionally, even if the interaction volume were large enough to partially 
probe the large-grain CZTSSe layer, where the cation-to-chalcogen ratio should be 
roughly or slightly less than 1, the fine grains must comprise a similar ratio for the 
aggregate composition of the two layers to be in the measured range of 0.7-1.1. 
 
Figure 6.10 SEM cross section image of a CZTSSe device fabricated from Sample 29 
particles in a hexanethiol ink.  The white rectangle illustrates the area from which EDS 





6.3.2.2 Device Performance 
Devices were fabricated using Samples 23 and 25 to avoid forming the Cu2Se 
impurity phase in the selenized absorber; representative current-voltage characteristics 
for devices doctor-blade coated from Sample 23 nanoparticles in hexanethiol and from 
Sample 25 particles in hexylamine are presented in Figure 6.11.  In general, particles 
synthesized in the autoclave yield devices with very low efficiencies (i.e. less than 1%), 
regardless of the solvent, cation precursors, or coating medium used.  Such poor 
performance is attributed to the morphology of the absorbers, since fine grains are either 
interspersed with large grains throughout the absorber or comprise a majority of the 
absorber thickness in the bi-layer morphology; this assertion is supported by the 
extremely low shunt resistances (i.e. < 100 Ω-cm2) estimated from the dark IV 
characteristics.  Thus, more intensive optimization of the coating and selenization 
processes is necessary to improve device efficiencies. 
Figure 6.11 Current-voltage characteristics of devices fabricated from NJCA123 particles 
coated in hexanethiol (NJCA123-HT) and NJCA125 particles coated in hexylamine 
(NJCA125-HA) via the doctor-blade technique.  The ideality factor for both cells was 





CZTS nanoparticles have been synthesized in an autoclave using hexlyamine as the 
dual-purpose solvent and capping ligand.  For a low reaction temperature of 160 °C or a 
short reaction time of 1 hr., Cu2-δS forms as a secondary phase in smaller particles than 
those comprising CZTS; however, syntheses at 200 °C for 14 hr. produce relatively pure-
phase CZTS nanocrystals.  Selenizing coated inks of these particles using hexylamine or 
hexanethiol as the dispersing medium leads to starkly different film morphologies, with 
hexylamine inks yielding large CZTSSe grains interspersed with fine-grain material 
while hexanethiol inks produce a more familiar bi-layer morphology, where large 
CZTSSe grains sit atop fine grains.  However, while the fine grains characterized in 
Chapter 5 – arising from CZTS particles capped with oleylamine – comprise primarily C 
and Se and no detectable cations, the fine-grain layer in the films selenized from 
hexylamine-capped CZTS nanoparticles dispersed in hexanethiol consists of CZTSSe 
grains that did not coarsen upon selenization.  Despite the apparent (and desirable) 
reduction in C content in the selenized absorber films, devices from the hexlyamine-
capped CZTS nanocrystals fail to achieve efficiencies greater than 1%, suggesting further 





CHAPTER 7. SYNTHESIS OF CU2MNSNS4 NANOPARTICLES FOR 
PHOTOVOLTAIC DEVICES 
7.1 Introduction 
Cu2MnSnS4 (CMTS) is a crystalline semiconducting material whose constituent 
atoms are arranged in the tetragonal stannite structure (space group I-42m).190  Bernert 
and Pfitzner calculated the volume of the CMTS unit cell at room temperature and 
atmospheric pressure to be 333.78 Å3 with lattice parameters a = b = 5.548 Å and c = 
10.844 Å.190  Bulk, single CMTS crystals have been modeled191,192 and grown by the 
Bridgman method193 and researched for their electronic and ferromagnetic properties.  
Moreover, CMTS nanocrystals have been synthesized in solution via a hot-injection 
approach,194 and thin films have been prepared using a sol-gel technique.195,196  The 
optical band gap of CMTS nanocrystals is reported to be 1.1 eV,194 while that for thin 
films was estimated at 1.3 eV.195  McCabe et al estimated the hole binding energy for 
Cu2Mn0.9Zn0.1SnS4 bulk crystals grown by the Bridgman method to be 95±9.5 meV.197  
Several groups have demonstrated that CMTS is a magnetically induced ferroelectric 
material and have suggested CMTS as a candidate for use in spintronic 
devices.191,192,194,198,199  Born in the 1980’s,200 spintronics is a field that studies the 
function of quantum spin in solid state physics.201  In particular, spintronics is concerned 
with the spin of carriers in semiconductor devices rather than electrons or holes, since 




opposite spin to exhibit differences in population and mobility.  As an example, this 
effect can be exploited in a memory-storage device with alternating layers of 
ferromagnetic and nonmagnetic layers called the giant-magnetoresistive (GMR) 
sandwich structure, in which the device resistance can be increased or reduced in the 
presence of a magnetic field.202  If such a device could be developed for PV applications, 
the implications would include not only a potential for high efficiency, low-cost solar 
cells but also a fundamental development in solid state physics.  Thus, due to its 
similarity to CZTS, the high earth abundance of Mn relative to Zn (~1,000 ppm Mn in 
earth’s crust),28 and its potential for use in spintronic devices, CMTS is an interesting 
material that warrants study.  In this chapter, work to synthesize CMTS nanocrystals and 
use them to fabricate thin film solar cells is presented. 
7.2 Experimental Methods 
For CMTS nanocrystal synthesis, all chemicals were used as purchased from 
Sigma-Aldrich (CMTS precursors, Se pellets) and Acros Organics (oleylamine), and the 
general hybrid solvothermal/hot-injection procedure for CZTS nanocrystal synthesis 
reported by Guo et al35 was adapted for CMTS.  Syntheses utilizing Mn(acac)2 as the Mn 
precursor were performed by adding all three cation precursors with oleylamine to the 
reaction flask at room temperature before connecting it to the Schlenk line; however, due 
to MnCl2 being provided as beads rather than a powder and its low solubility in 
oleylamine at room temperature, syntheses utilizing MnCl2 involved adding only the Cu 
and Sn precursors to the reaction flask initially.  In these cases, a 0.1 M solution of MnCl2 
in olelyamine was prepared in a glovebox and sealed with a rubber septum, stirred at 




reaction flask using a nitrogen-filled syringe after the flask was purged at roughly 130 °C.  
Material characterization and device fabrication were performed according to the 
procedures described in previous chapters and elsewhere,18,98,99,127 with selenizations 
performed at 500 °C for 20 min. using four Se pellets (roughly 260 mg).  MnS 
nanoparticles used as the Mn precursor in some experiments were synthesized by purging 
OLA in a three-neck flask on a Schlenk line at ~110 °C (pull vacuum for 5 min. followed 
by Ar backfill, repeated a total of 3 times), injecting 3 mL of a 0.5 M MnCl2/OLA 
solution and 1.5 mL of a 1.0 M S/OLA solution, heating to 200 °C, and allowing the 
solution to react for 5 hours before removing the heating mantle and allowing the solution 
to cool naturally to room temperature. 
7.3 Results and Discussion 
 Nanocrystal Synthesis and Characterization 
Table 7.1 presents the reaction synthesis conditions for a representative sample of 
experimental syntheses.  All reactions utilized a 1 M solution of elemental S in OLA as 
the anion precursor and were allowed to proceed for 30 minutes after the point at which 
all precursors were included in the reaction mixture and the mixture first reached the 
desired reaction temperature.  That is, for cases when any precursors were injected at the 
reaction temperature, the timer was started at the point of injection; if all precursors were 
added below the reaction temperature, the timer was started when the mixture reached the 







Table 7.1 Reaction conditions for selected experimental CMTS synthesis reactions. 
Sample 
(NJCA0XX) 
Precursor Material Precursor Molar Ratios Reaction 
Temp. 
(°C) Cu Mn Sn 
Cu/ 
(Mn+Sn) Mn/Sn metals/S 
33* Cu(acac)2 MnCl2 Sn(acac)2Cl2 1.00 1.00 0.67 240 
35 CuCl2-2H2O MnCl2 SnCl4 1.00 1.00 0.67 225 
41 Cu(acac)2 MnCl2 Sn(acac)2Cl2 1.00 0.99 0.67 225 
45 Cu(acac)2 MnCl2 Sn(acac)2Br2 0.95 1.11 0.68 250 
47 Cu(acac)2 Mn(acac)2 Sn(acac)2Br2 0.79 1.51 0.75 250 
65§ Cu(acac)2 MnS/OLA Sn(acac)2Cl2 0.98 1.04 1.06 250 
* - S precursor injected after the purge procedure at a temperature of ~130 °C. 
§ - Mn precursor injected at reaction temperature; S precursor injected 60 seconds later. 
 
 
 Raman spectra for the samples listed in Table 7.1 are depicted in Figure 7.1.  In 
literature, CMTS thin films were reported to show a single, strong peak near 333 cm-1 
after annealing in air at 300 °C,195 and all samples included in Figure 7.1 exhibit a strong 
signal at this location.  However, additional peaks observed between 290 and 380 cm-1 
for Samples 33, 35, 45, and 65 likely correspond to secondary phases of MnS and/or 
Cu2SnS3, and a small peak near 475 cm-1 in Sample 35 is attributable to a small Cu2-δS 
impurity phase.  Regardless, the Raman spectra suggest Samples 41 and 47 may comprise 







Figure 7.1 Raman spectra for CMTS nanocrystal samples synthesized under various 
conditions, as well as expected peak locations for potential MnS and CTS impurity 
phases. 
 
Figure 7.2 XRD data for CMTS nanocrystal samples synthesized under various 
conditions, as well as expected peak locations for CMTS, CTS, and wurtzite (solid black) 





Figure 7.2 presents XRD data for all samples in Table 7.1 except sample 33.  All 
samples except Sample 45 exhibit XRD signals attributable to MnS (cubic: 34.7° and 
49.7° 2θ; wurtzite: 27.2°, 29.2°, and 30.9° 2θ) or Cu2-δS (46.1° 2θ), although the peaks 
corresponding to MnS in Sample 41 are rather miniscule.  It should also be noted that due 
to the similar crystal structures of CMTS and CTS, the XRD spectra for these phases are 
difficult to distinguish for nanocrystalline samples due to peak broadening effects 
resulting from the short-range order in the crystalline domains.  Further comparison of 
selected samples via compositional SEM-EDS analysis is provided in Table 7.2.  
 
Table 7.2 Cation ratios calculated via SEM-EDS compositional analysis of CMTS 
nanocrystal samples.  
Cation 
Ratio NJCA033 NJCA041 NJCA047 NJCA065 
Cu/(Mn+Sn) 1.08 0.88 0.74 0.98 
Mn/Sn 0.58 0.90 1.30 0.77 
 
Samples 33 and 65 are very Mn-poor, while Sample 47 is somewhat Mn-rich.  
However, all three of these samples are Mn-poor compared to the as-charged precursor 
ratios cited in Table 7.1, suggesting Mn is generally less reactive than Cu and Sn 
regardless of the Mn precursor used.  Although Sample 41 is slightly Sn-rich, it 
comprises Cu, Mn, and Sn in roughly the same ratios as were charged to the reaction and 
as expected for the CMTS stoichiometry.  Since Sample 41 also exhibited minimal signal 




particles represent the purest-phase CMTS nanocrystals obtained from the various 
experimental reaction conditions.  Figure 7.3 presents a representative TEM image of the 
synthesized CMTS nanocrystals, demonstrating a distribution of particle sizes from 
roughly 5 to 20 nm with an average near 10 nm. 
Figure 7.3 Representative TEM image of CMTS nanocrystals. 
 
 Absorber and Device Fabrication and Characterization 
The XRD analysis in Figure 7.4 presents two representative cases suggesting 
CMTS nanocrystal films generally convert to CMTSe upon selenization based on the 
prevalence of the tetragonal peak near 17° 2θ not attributable to monoclinic CTSe, with 





Figure 7.4 Representative XRD spectra for CMTSSe films with and without a secondary 
MnSe phase, as well as expected signal locations for CMTSe, CTSe, and MnSe. 
 
Figure 7.5 Representative Raman spectrum for a CMTSSe film, as well as expected 






Figure 7.5 presents a typical Raman spectrum for CMTSSe films.  Signals at 191, 
234, 246, and possibly 151 cm-1 are attributed to CMTSe, while the presence of a residual 
sulfide phase is inferred from the small peak near 330 cm-1, similarly observed for 
CZTSSe.  The shoulder near 205 cm-1 may be attributable to either the sulfide or selenide 
CMTS/Se phase.  Since the primary CTSe signal near 178 cm-1 is not observed, CTSe is 
not expected to exist as an impurity in the sample; however, the similarity in the crystal 
structures of CTSe and CMTSe may be responsible for the shared secondary Raman 
signals near 205, 234, and 246 cm-1 for these two materials. 
Top-down SEM images of CMTSSe films (Figure 7.6) reveal a morphology 
consisting of isolated islands of large grains, which is responsible for the severely low 
shunt resistance (< 100 Ω-cm2) measured for CMTSSe devices via current-voltage 




Figure 7.6 Top-down (plane view) SEM image of a representative CMTSSe absorber 
film. 
 





However, the current-voltage characteristics demonstrate diode behavior for a 
device with the structure Mo/CMTSSe/CdS/i-ZnO/ITO/grids, and the order-of-magnitude 
increase in short-circuit current values measured under light compared to in the dark is 
attributed to the photoresponse of CMTSSe.  This result suggests CMTSSe may be a 
viable photovoltaic material with further optimization of the device fabrication process. 
7.4 Conclusions 
Cu2MnSnS4 (CMTS) nanocrystals have been synthesized by a hybrid 
solvothermal/hot-injection method and characterized via XRD, Raman spectroscopy, and 
SEM-EDS elemental analysis.  For most recipes, Cu2SnS3 (CTS) and/or MnS are 
detected as impurity phases; however, relatively pure-phase CMTS nanocrystals were 
successively synthesized by reacting stoichiometric amounts of Cu(acac)2, MnCl2, and 
Sn(acac)2Cl2 with 50% excess elemental S in oleylamine at 225 °C for 30 min.  
Nanocrystal inks were formulated by suspending dried nanocrystals in hexanethiol, and 
thin films were coated with the inks using the doctor-blade method.  The films were then 
selenized in a graphite box at 500 °C for 20 min., resulting in the nearly complete 
replacement of S with Se in the crystal lattice and associated growth of large, micron-
sized grains.  Analysis of the selenized films via XRD and Raman spectroscopy indicates 
the large grains exhibit CMTSSe characteristics, with MnSe as a commonly observed 
secondary phase when MnS particles were present in the nanocrystal film prior to 
selenization.  Through SEM imaging, the large grains are generally found to be arranged 
in an isolated island morphology, which leads to very low shunt resistance in completed 
solar celles.  Nonetheless, the observation of a photoresponse and diode characteristics 




promise as a photovoltaic material with further optimization of processing conditions.  
Coupling this functionality with the magnetic nature of CMTSSe in spintronic solar cells 
could provide a means of developing novel electronic devices with applications in energy 




CHAPTER 8. CONCLUSIONS AND SUGGESTED FUTURE WORK 
8.1  Conclusions 
 In the context of addressing the low open-circuit voltage reported for CZTSSe 
based solar cells throughout literature, CZTSSe nanocrystals, selenized absorber films, 
and completed devices have been synthesized and characterized in an attempt to elucidate 
and resolve the fundamental limitation to the VOC.  The formation of a distribution of 
particle sizes and compositions in the CZTS nanocrystal synthesis and its dependence on 
the conditions of the synthesis recipe has been correlated with the measured VOC in 
CZTSSe solar cells.  Furthermore, real-time studies of the role the observed nanocrystal 
distribution plays in the critical selenization process has provided unprecedented insight 
into the mechanism by which a film of CZTS nanocrystals converts into a dense layer of 
large CZTSSe grains upon selenization.  Detailed electrical characterization of CZTSSe 
solar cells points to electrical potential fluctuations or tails in the energy bands of the 
absorber, which arise due to nanoscale defects and micron scale band gap flucutations in 
the absorber material, as a fundamental VOC inhibitor.  Due to the non-ideal 
characteristics of the device behavior that arise as a consequence of potential 
fluctuations/band tails, generalized electrical models have necessarily been developed 





 Other possible causes for low VOC proposed in the literature – namely, 
recombination losses at the CZTSSe/CdS interface or near the CZTSSe surface toward 
the Mo back contact – have also been addressed, both in the electrical analysis mentioned 
above and through separate experimental efforts.  A chemical-mechanical polishing 
procedure has been developed that affords modification of the CZTSSe absorber surface 
and, in turn, its interface with the CdS buffer layer; however, solar cells with absorbers 
treated with a single application of this procedure produce fail to generate any useful 
photocurrent.  Although the device performance can be somewhat recovered by 
performing various annealing treatments after polishing, improvements over 
conventionally processed devices with unpolished absorbers were not realized.  
Additionally, CZTS nanoparticles have been synthesized in an autoclave using 
hexlyamine as the dual-purpose solvent and capping ligand rather than the heavier 
oleylamine used for typical syntheses, which is hypothesized to be accountable for the 
carbonaceous fine-grain layer that forms between the large-grain CZTSSe absorber layer 
and the Mo back contact upon selenizing a film of CZTS nanocrystals.  If this layer 
represents a source of VOC limitations due to back surface recombination in CZTSSe 
solar cells, the successful minimization or complete elimination of this layer would be 
expected to improve the VOC.  While films selenized from hexylamine-capped CZTS 
nanocrystals still exhibit a fine-grain layer between the large-grain CZTSSe layer and the 
Mo contact, this layer is found to comprise CZTSSe grains that failed to coarsen rather 
than primarily carbonaceous material.  Nonetheless, devices fabricated from the 




 While the experimental efforts to address interface and back surface 
recombination limitations to CZTSSe device performance failed to yield the desired 
improvement in VOC, these measures are certainly not sufficiently exhaustive or 
conclusive to rule out the possibility that either of these limitations is responsible for the 
low VOC measured in CZTSSe solar cells.  However, the detailed electrical analysis 
performed herein strongly suggests that potential fluctuations/band tails in the CZTSSe 
absorber represent the primary, fundamental limitation to the VOC.  Therefore, efforts to 
improve CZTSSe device efficiencies should strive to reduce the density of defects and 
the prevalence of spatial band gap variations in the CZTSSe absorber material. 
 Due to its similarity to CZTS and its unique magnetic properties, Cu2MnSnS4 
(CMTS) is another interesting and potential alternative solar cell absorber material.  Here, 
the synthesis of CMTS nanocrystals by a hybrid solvothermal/hot-injection method has 
been presented, and the resultant particles have been characterized via XRD, Raman 
spectroscopy, and SEM-EDS elemental analysis; these studies indicate relatively pure-
phase CMTS nanocrystals were successively synthesized by reacting stoichiometric 
amounts of Cu(acac)2, MnCl2, and Sn(acac)2Cl2 with 50% excess elemental S in 
oleylamine at 225 °C for 30 min.  CMTS nanocrystal inks were formulated, coated, and 
selenized according to similar procedures as developed for CZTS, and analysis of the 
selenized films via XRD and Raman spectroscopy indicates the large grains exhibit 
CMTSSe characteristics.  Through SEM imaging, the large grains are generally found to 
be arranged on the Mo-coated substrate in an isolated island morphology, which leads to 
very low shunt resistance in completed solar celles.  Nonetheless, the observation of a 




structure suggests CMTSSe may hold promise as a photovoltaic material with further 
optimization of processing conditions.  Coupling this functionality with the magnetic 
nature of CMTSSe in spintronic solar cells could provide a means of developing novel 
electronic devices with diverse applications. 
8.2 Suggested Future Work 
 Further developing CMTSSe devices via solution-based routes in the same 
manner as solar cells fabricated from CIGS and CZTS nanocrystals and molecular 
precursor solutions may lead to electronic devices with diverse applications in energy 
generation and elsewhere.  However, little information about the defect formation 
energies or energy levels in the band structure is available for CMTSSe; it is possible that 
potential fluctuations will be just as difficult a challenge for CMTSSe as for CZTSSe 
given the multivalency of Mn, for example, but it could also be that the different size of 
Mn compared to Zn would limit Cu/Mn intermixing, where Cu/Zn intermixing represents 
a primary stable and deleterious intrinsic defect in CZTSSe absorbers.  Regardless, any 
efforts to further develop CMTSSe devices must begin with optimizing the CMTSSe 
absorber formation process.  The isolated island morphology described in Chapter 7 
suggests that CMTS densifies significantly upon selenization and/or the coated 
nanocrystal films were too thin; thus, thicker precursor films and/or repeated coating-
selenization iterations may lead to the formation of continuous CMTSSe absorbers with 
relatively uniform thickness over the substrate, in turn allowing deeper investigation into 













1. BP. BP Statistical Review of World Energy June 2014. (2014). 
2. US Energy Information Administration. US Energy Information Administration 
International Energy Outlook 2014. (2014). doi:DOE/EIA-0484(2014) 
3. Wilson, G. Building On 35 Years Of Progress – The Next 10 Years Of 
Photovoltaic Research At NREL. Purdue University Pioneers in Energy Lecture 
(2013). 
4. Smil, V. 21st century energy: Some sobering thoughts. OECD Obs. 258, 22–23 
(2006). 
5. Avrutin, V., Izyumskaya, N. & Morkoç, H. Semiconductor solar cells: recent 
progress in terrestrial applications. Superlattices Microstruct. 49, 337–364 (2011). 
doi:10.1016/j.spmi.2010.12.011 
6. Fraas, L. M. & Partain, L. D. Solar Cells and Their Applications. (Wiley, 2010). 
7. Unold, T. & Schock, H. W. Nonconventional (Non-Silicon-Based) Photovoltaic 
Materials. Annu. Rev. Mater. Res. 41, 297–323 (2011). doi:10.1146/annurev-
matsci-062910-100437 
8. US Department of Energy. SunShot Initiative 2014 Portfolio. (2014). 
9. Voelker, M. The State of the Art in Photovoltaic Technology. Color. Renew. 
Energy Soc. (2015). at <http://cres-energy.org/photovoltaic-technology/> 
10. Sun, S.-S. & Sariciftci, N. S. Organic Photovoltaics: Mechanisms, Materials, and 
Devices. (Taylor & Francis Group, 2005). 
11. Darling, S. B. & You, F. The case for organic photovoltaics. RSC Adv. 3, 17633–
17648 (2013). doi:10.1039/c3ra42989j 
12. Green, M. A., Emery, K., King, D. L., Igari, S. & Warta, W. Solar cell efficiency 





13. Mcleod, S. M., Hages, C. J., Carter, N. J. & Agrawal, R. Synthesis and 
Characterization of 15% Efficient CIGSSe Solar Cells from Nanoparticle Inks. 
Prog. Photovoltaics Res. Appl. Available online (2015). doi:10.1002/pip.2588 
14. Todorov, T. K., Gunawan, O., Gokmen, T. & Mitzi, D. B. Solution-processed 
Cu(In,Ga)(S,Se)2 absorber yielding a 15.2% efficient solar cell. Prog. 
Photovoltaics Res. Appl. 21, 82–87 (2013). doi:10.1002/pip.1253 
15. Repins, I., Beall, C., Vora, N., Dehart, C., Kuciauskas, D., Dippo, P., To, B., 
Mann, J., Hsu, W., Goodrich, A. & Noufi, R. Co-evaporated Cu2ZnSnSe4 films 
and devices. Sol. Energy Mater. Sol. Cells 101, 154–159 (2012). 
doi:10.1016/j.solmat.2012.01.008 
16. Lee, Y. S., Gershon, T., Gunawan, O., Todorov, T. K., Gokmen, T., Virgus, Y. & 
Guha, S. Cu2ZnSnSe4 Thin-Film Solar Cells by Thermal Co-evaporation with 
11.6% Efficiency and Improved Minority Carrier Diffusion Length. Adv. Energy 
Mater. 5, 1401372 (2015). doi:10.1002/aenm.201401372 
17. Redinger, A. & Siebentritt, S. Coevaporation of Cu[sub 2]ZnSnSe[sub 4] thin 
films. Appl. Phys. Lett. 97, 092111 (2010). doi:10.1063/1.3483760 
18. Miskin, C. K., Yang, W. C., Hages, C. J., Carter, N. J., Joglekar, C. S., Stach, E. A. 
& Agrawal, R. 9.0% efficient Cu2ZnSn(S,Se)4 solar cells from selenized 
nanoparticle inks. Prog. Photovoltaics Res. Appl. 23, 654–659 (2015). 
doi:10.1002/pip.2472 
19. Zhang, R., Szczepaniak, S. M., Carter, N. J., Handwerker, C. a. & Agrawal, R. A 
Versatile Solution Route to Efficient Cu2ZnSn(S,Se )4 Thin Film Solar Cells. 
Chem. Mater. 27, 2114–2120 (2015). doi:10.1021/cm504654t 
20. Wang, W., Winkler, M. T., Gunawan, O., Gokmen, T., Todorov, T. K., Zhu, Y. & 
Mitzi, D. B. Device characteristics of CZTSSe thin-film solar cells with 12.6% 
efficiency. Adv. Energy Mater. 4, 1304165 (2014). doi:10.1002/aenm.201301465 
21. Panthani, M. G., Kurley, J. M., Crisp, R. W., Dietz, T. C., Ezzyat, T., Luther, J. M. 
& Talapin, D. V. High efficiency solution processed sintered CdTe nanocrystal 
solar cells: The role of interfaces. Nano Lett. 14, 670–675 (2014). 
doi:10.1021/nl403912w 
22. Qin, D., Liu, H., Tian, Y., Zhang, Y., Lu, K., Wu, R., Peng, Z., Hou, L., Wu, H., 
Huang, W. & Gao, K. Solution processed CdTe/CdSe nanocrystals solar cells with 
more than 5.5% efficiency by using an inverted device structure. J. Mater. Chem. 





23. Jackson, P., Wurz, R., Rau, U., Mattheis, J., Kurth, M., Schlotzer, T., Bilger, G. & 
Werner, J. H. High Quality Baseline for High Efficiency, Cu(In1-x,Gax)Se2 Solar 
Cells. Prog. Photovoltaics Res. Appl. 15, 507–519 (2007). doi:10.1002/pip 
24. Jackson, P., Hariskos, D., Wuerz, R., Kiowski, O., Bauer, A., Friedlmeier, T. M. & 
Powalla, M. Properties of Cu(In,Ga)Se2 solar cells with new record efficiencies up 
to 21.7%. Phys. status solidi 9, 28–31 (2015). doi:10.1002/pssr.201409520 
25. Mitzi, D. B., Gunawan, O., Todorov, T. K., Wang, K. & Guha, S. The path 
towards a high-performance solution-processed kesterite solar cell. Sol. Energy 
Mater. Sol. Cells 95, 1421–1436 (2011). doi:10.1016/j.solmat.2010.11.028 
26. Rockett, A. A. Current status and opportunities in chalcopyrite solar cells. Curr. 
Opin. Solid State Mater. Sci. 14, 143–148 (2010). 
doi:10.1016/j.cossms.2010.08.001 
27. Nakada, T. CIGS-based Thin Film Solar Cells and Modules: Unique Material 
Properties. Electron. Mater. Lett. 8, 179–185 (2012). doi:10.1007/s13391-012-
2034-x 
28. CRC Handb. Chem. Phys. (ed. Lide, D.) 14–17 (2005). 
29. Wadia, C., Alivisatos, A. P. & Kammen, D. M. Materials Availability Expands the 
Opportunity for Large-Scale Photovoltaics Deployment. Environ. Sci. Technol. 43, 
2072–2077 (2009). 
30. Katagiri, H., Saitoh, K., Washio, T., Shinohara, H., Kurumadani, T. & Miyajima, 
S. Development of thin film solar cell based on Cu2ZnSnS4 thin films. Sol. Energy 
Mater. Sol. Cells 65, 141–148 (2001). 
31. Jackson, P., Hariskos, D., Lotter, E., Paetel, S., Wuerz, R., Menner, R., 
Wischmann, W. & Powalla, M. New world record efficiency for Cu(In,Ga)Se2 
thin-film solar cells beyond 20%. Prog. Photovoltaics Res. Appl. 19, 3–6 (2011). 
doi:10.1002/pip 
32. Winkler, M. T., Wang, W., Gunawan, O., Hovel, H. J., Todorov, T. K. & Mitzi, D. 
B. Optical designs that improve the efficiency of Cu2ZnSn(S,Se)4 solar cells. 
Energy Environ. Sci. (2013). doi:10.1039/c3ee42541j 
33. Redinger, A., Berg, D. M., Dale, P. J., Djemour, R., Levent, G., Eisenbarth, T., 
Valle, N. & Siebentritt, S. Route Toward High-Efficiency Single-Phase 
Cu2ZnSn(S,Se)4 Thin-Film Solar Cells: Model Experiments and Literature 





34. Zhou, H., Hsu, W.-C., Duan, H.-S., Bob, B., Yang, W., Song, T.-B., Hsu, C.-J. & 
Yang, Y. CZTS nanocrystals: a promising approach for next generation thin film 
photovoltaics. Energy Environ. Sci. 6, 2822–2838 (2013). doi:10.1039/c3ee41627e 
35. Guo, Q., Hillhouse, H. W. & Agrawal, R. Synthesis of Cu2ZnSnS4 nanocrystal ink 
and its use for solar cells. J. Am. Chem. Soc. 131, 11672–11673 (2009). 
doi:10.1021/ja904981r 
36. Riha, S. C., Parkinson, B. A. & Prieto, A. L. Solution-Based Synthesis and 
Characterization of Cu2ZnSnS4 Nanocrystals. J. Am. Chem. Soc. 131, 12054–
12055 (2009). 
37. Steinhagen, C., Panthani, M. G., Akhavan, V., Goodfellow, B., Koo, B. & Korgel, 
B. A. Synthesis of Cu2ZnSnS4 Nanocrystals for Use in Low-Cost Photovoltaics. J. 
Am. Chem. Soc. 131, 12554–12555 (2009). 
38. Shavel, A., Arbiol, J. & Cabot, A. Synthesis of quaternary chalcogenide 
nanocrystals: Stannite Cu2ZnxSnySe1+x+2y. J. Am. Chem. Soc. 132, 4514–4515 
(2010). doi:10.1021/ja909498c 
39. Riha, S. C., Parkinson, B. A. & Prieto, A. L. Compositionally tunable 
Cu2ZnSn(S1-xSex)4 nanocrystals: Probing the effect of Se-inclusion in mixed 
chalcogenide thin films. J. Am. Chem. Soc. 133, 15272–15275 (2011). 
doi:10.1021/ja2058692 
40. Ou, K.-L., Fan, J.-C., Chen, J.-K., Huang, C.-C., Chen, L.-Y., Ho, J.-H. & Chang, 
J.-Y. Hot-injection synthesis of monodispersed Cu2ZnSn(SxSe1−x)4 nanocrystals: 
tunable composition and optical properties. J. Mater. Chem. 22, 14667 (2012). 
doi:10.1039/c2jm31901b 
41. Khare, A., Wills, A. W., Ammerman, L. M., Norris, D. J. & Aydil, E. S. Size 
control and quantum confinement in Cu2ZnSnS4 nanocrystals. Chem. Commun. 
47, 11721 (2011). doi:10.1039/c1cc14687d 
42. Singh, A., Geaney, H., Laffir, F. & Ryan, K. M. Colloidal synthesis of wurtzite 
Cu2ZnSnS4 nanorods and their perpendicular assembly. J. Am. Chem. Soc. 134, 
2910–2913 (2012). doi:10.1021/ja2112146 
43. Regulacio, M. D., Ye, C., Lim, S. H., Bosman, M., Ye, E., Chen, S., Xu, Q.-H. & 
Han, M.-Y. Colloidal nanocrystals of wurtzite-type Cu2ZnSnS4: facile 
noninjection synthesis and formation mechanism. Chemistry (Easton). 18, 3127–





44. Lu, X., Zhuang, Z., Peng, Q. & Li, Y. Wurtzite Cu2ZnSnS4 nanocrystals: a novel 
quaternary semiconductor. Chem. Commun. (Camb). 47, 3141–3 (2011). 
doi:10.1039/c0cc05064d 
45. Yang, W.-C., Miskin, C. K., Hages, C. J., Hanley, E. C., Handwerker, C., Stach, E. 
a. & Agrawal, R. Kesterite Cu2ZnSn(S,Se)4 Absorbers Converted from 
Metastable, Wurtzite-Derived Cu2ZnSnS4 Nanoparticles. Chem. Mater. 26, 3530–
3534 (2014). doi:10.1021/cm501111z 
46. Zaberca, O., Gillorin, A., Durand, B. & Chane-Ching, J. Y. A general route to the 
synthesis of surfactant-free, solvent-dispersible ternary and quaternary 
chalcogenide nanocrystals. J. Mater. Chem. 21, 6483–6486 (2011). 
doi:10.1039/c1jm10894h 
47. Cao, M. & Shen, Y. A mild solvothermal route to kesterite quaternary Cu2ZnSnS4 
nanoparticles. J. Cryst. Growth 318, 1117–1120 (2011). 
doi:10.1016/j.jcrysgro.2010.10.071 
48. Zhou, Y., Zhou, W., Li, M., Du, Y. & Wu, S. Hierarchical Cu 2 ZnSnS 4 Particles 
for a Low-Cost Solar Cell : Morphology Control and Growth Mechanism. J. Phys. 
Chem. C 115, 19632–19639 (2011). doi:10.1021/jp206728b 
49. Zhou, Y.-L., Zhou, W.-H., Du, Y.-F., Li, M. & Wu, S.-X. Sphere-like kesterite 
Cu2ZnSnS4 nanoparticles synthesized by a facile solvothermal method. Mater. 
Lett. 65, 1535–1537 (2011). doi:10.1016/j.matlet.2011.03.013 
50. Xie, W., Jiang, X., Zou, C., Li, D., Zhang, J., Quan, J. & Shao, L. Synthesis of 
highly dispersed Cu2ZnSnS4 nanoparticles by solvothermal method for 
photovoltaic application. Phys. E Low-dimensional Syst. Nanostructures 45, 16–20 
(2012). doi:10.1016/j.physe.2012.05.022 
51. Jiang, H., Dai, P., Feng, Z., Fan, W. & Zhan, J. Phase selective synthesis of 
metastable orthorhombic Cu2ZnSnS4. J. Mater. Chem. 22, 7502 (2012). 
doi:10.1039/c2jm16870g 
52. Aldakov, D., Lefrancois, A. & Reiss, P. Ternary and quaternary metal 
chalcogenide nanocrystals: synthesis, properties and applications. J. Mater. Chem. 
C 1, 3756–3776 (2013). doi:10.1039/c3tc30273c 
53. Ramasamy, K., Malik, M. A. & O’Brien, P. Routes to copper zinc tin sulfide 
Cu2ZnSnS4 a potential material for solar cells. Chem. Commun. 48, 5703–5714 
(2012). doi:10.1039/c2cc30792h 
54. Nakayama, N. & Ito, K. Sprayed films of stannite Cu2ZnSnS4. Appl. Surf. Sci. 92, 




55. Madarász, J., Bombicz, P., Okuya, M. & Kaneko, S. Thermal decomposition of 
thiourea complexes of Cu(I), Zn(II), and Sn(II) chlorides as precursors for the 
spray pyrolysis deposition of sulfide thin films. Solid State Ionics 141-142, 439–
446 (2001). doi:10.1016/S0167-2738(01)00740-8 
56. Kamoun, N., Bouzouita, H. & Rezig, B. Fabrication and characterization of 
Cu2ZnSnS4 thin films deposited by spray pyrolysis technique. Thin Solid Films 
515, 5949–5952 (2007). doi:10.1016/j.tsf.2006.12.144 
57. Kishore Kumar, Y. B., Suresh Babu, G., Uday Bhaskar, P. & Sundara Raja, V. 
Preparation and characterization of spray-deposited Cu2ZnSnS4 thin films. Sol. 
Energy Mater. Sol. Cells 93, 1230–1237 (2009). doi:10.1016/j.solmat.2009.01.011 
58. Kumar, Y. B. K., Babu, G. S., Bhaskar, P. U. & Raja, V. S. Effect of starting-
solution pH on the growth of Cu2ZnSnS4 thin films deposited by spray pyrolysis. 
Phys. Status Solidi Appl. Mater. Sci. 206, 1525–1530 (2009). 
doi:10.1002/pssa.200824424 
59. Htay, M. T., Hashimoto, Y., Momose, N., Sasaki, K., Ishiguchi, H., Igarashi, S., 
Sakurai, K. & Ito, K. A cadmium-free Cu2ZnSnS4/ZnO hetrojunction solar cell 
prepared by practicable processes. Jpn. J. Appl. Phys. 50, (2011). 
doi:10.1143/JJAP.50.032301 
60. Seboui, Z., Gassoumi, A. & Kamoun-Turki, N. Evolution of sprayed Cu2ZnSnS4. 
Mater. Sci. Semicond. Process. 26, 360–366 (2014). 
doi:10.1016/j.mssp.2014.05.004 
61. Daranfed, W., Aida, M. S., Attaf, N., Bougdira, J. & Rinnert, H. Cu2ZnSnS4 thin 
films deposition by ultrasonic spray pyrolysis. J. Alloys Compd. 542, 22–27 
(2012). doi:10.1016/j.jallcom.2012.07.063 
62. Vigil-Galán, O., Espíndola-Rodríguez, M., Courel, M., Fontané, X., Sylla, D., 
Izquierdo-Roca, V., Fairbrother, a., Saucedo, E. & Pérez-Rodríguez, a. Secondary 
phases dependence on composition ratio in sprayed Cu2ZnSnS4 thin films and its 
impact on the high power conversion efficiency. Sol. Energy Mater. Sol. Cells 117, 
246–250 (2013). doi:10.1016/j.solmat.2013.06.008 
63. Katagiri, H., Sasaguchi, N., Hando, S., Hoshino, S., Ohashi, J. & Yokota, T. 
Preparation and evaluation of Cu2ZnSnS4 thin films by sulfurization of E-B 







64. Kobayashi, T., Jimbo, K., Tsuchida, K., Shinoda, S., Oyanaoi, T. & Katagiri, H. 
Investigation of Cu2ZnSnS4-based thin film solar cells using abundant materials. 
Japanese J. Appl. Physics, Part 1 Regul. Pap. Short Notes Rev. Pap. 44, 783–787 
(2005). doi:10.1143/JJAP.44.783 
65. Tanaka, T., Nagatomo, T., Kawasaki, D., Nishio, M., Guo, Q., Wakahara, A., 
Yoshida, A. & Ogawa, H. Preparation of Cu2ZnSnS4 thin films by hybrid 
sputtering. J. Phys. Chem. Solids 66, 1978–1981 (2005). 
doi:10.1016/j.jpcs.2005.09.037 
66. Tanaka, T., Kawasaki, D., Nishio, M., Guo, Q. & Ogawa, H. Fabrication of 
Cu2ZnSnS4 thin films by co-evaporation. Phys. Status Solidi Curr. Top. Solid 
State Phys. 3, 2844–2847 (2006). doi:10.1002/pssc.200669631 
67. Jimbo, K., Kimura, R., Kamimura, T., Yamada, S., Maw, W. S., Araki, H., Oishi, 
K. & Katagiri, H. Cu2ZnSnS4-type thin film solar cells using abundant materials. 
Thin Solid Films 515, 5997–5999 (2007). doi:10.1016/j.tsf.2006.12.103 
68. Katagiri, H., Jimbo, K., Yamada, S., Kamimura, T., Maw, W. S., Fukano, T., Ito, 
T. & Motohiro, T. Enhanced conversion efficiencies of Cu2ZnSnS4-based thin 
film solar cells by using preferential etching technique. Appl. Phys. Express 1, 
0412011–0412012 (2008). doi:10.1143/APEX.1.041201 
69. Liu, F., Zhang, K., Lai, Y., Li, J., Zhang, Z. & Liu, Y. Growth and 
Characterization of Cu2ZnSnS4 Thin Films by DC Reactive Magnetron Sputtering 
for Photovoltaic Applications. Electrochem. Solid-State Lett. 13, H379 (2010). 
doi:10.1149/1.3481764 
70. Liu, F., Li, Y., Zhang, K., Wang, B., Yan, C., Lai, Y., Zhang, Z., Li, J. & Liu, Y. 
In situ growth of Cu2ZnSnS4 thin films by reactive magnetron co-sputtering. Sol. 
Energy Mater. Sol. Cells 94, 2431–2434 (2010). doi:10.1016/j.solmat.2010.08.003 
71. Wang, K., Gunawan, O., Todorov, T. K., Shin, B., Chey, S. J., Bojarczuk, N. A., 
Mitzi, D. B. & Guha, S. Thermally evaporated Cu[sub 2]ZnSnS[sub 4] solar cells. 
Appl. Phys. Lett. 97, 143508 (2010). doi:10.1063/1.3499284 
72. Shin, B., Gunawan, O., Zhu, Y., Bojarczuk, N. A., Jay Chey, S. & Guha, S. Thin 
film solar cell with 8.4% conversion efficiency using an earth-abundant 
Cu2ZnSnS4 absorber. Prog. Photovoltaics Res. Appl. 21, 72–76 (2012). 
doi:10.1002/pip.1174 
73. Moriya, K., Watabe, J., Tanaka, K. & Uchiki, H. Characterization of Cu2ZnSnS4 
thin films prepared by photo-chemical deposition. Phys. Status Solidi Curr. Top. 




74. Pawar, S. M., Moholkar, a. V., Kim, I. K., Shin, S. W., Moon, J. H., Rhee, J. I. & 
Kim, J. H. Effect of laser incident energy on the structural, morphological and 
optical properties of Cu2ZnSnS4 (CZTS) thin films. Curr. Appl. Phys. 10, 565–
569 (2010). doi:10.1016/j.cap.2009.07.023 
75. Moholkar, a. V., Shinde, S. S., Babar, a. R., Sim, K. U., Lee, H. K., Rajpure, K. 
Y., Patil, P. S., Bhosale, C. H. & Kim, J. H. Synthesis and characterization of 
Cu2ZnSnS4 thin films grown by PLD: Solar cells. J. Alloys Compd. 509, 7439–
7446 (2011). doi:10.1016/j.jallcom.2011.04.074 
76. Moholkar, a. V., Shinde, S. S., Agawane, G. L., Jo, S. H., Rajpure, K. Y., Patil, P. 
S., Bhosale, C. H. & Kim, J. H. Studies of compositional dependent CZTS thin 
film solar cells by pulsed laser deposition technique: An attempt to improve the 
efficiency. J. Alloys Compd. 544, 145–151 (2012). 
doi:10.1016/j.jallcom.2012.07.108 
77. Surgina, G. D., Zenkevich, a. V., Sipaylo, I. P., Nevolin, V. N., Drube, W., 
Teterin, P. E. & Minnekaev, M. N. Reactive pulsed laser deposition of Cu2ZnSnS4 
thin films in H2S. Thin Solid Films 535, 44–47 (2013). 
doi:10.1016/j.tsf.2012.11.072 
78. Scragg, J. J., Dale, P. J., Peter, L. M., Zoppi, G. & Forbes, I. New routes to 
sustainable photovoltaics: Evaluation of Cu 2ZnSnS4 as an alternative absorber 
material. Phys. Status Solidi Basic Res. 245, 1772–1778 (2008). 
doi:10.1002/pssb.200879539 
79. Scragg, J. J., Dale, P. J. & Peter, L. M. Synthesis and characterization of 
Cu2ZnSnS4 absorber layers by an electrodeposition-annealing route. Thin Solid 
Films 517, 2481–2484 (2009). doi:10.1016/j.tsf.2008.11.022 
80. Ennaoui, a., Lux-Steiner, M., Weber, a., Abou-Ras, D., Kötschau, I., Schock, H. 
W., Schurr, R., Hölzing, a., Jost, S., Hock, R., Voß, T., Schulze, J. & Kirbs, a. 
Cu2ZnSnS4 thin film solar cells from electroplated precursors: Novel low-cost 
perspective. Thin Solid Films 517, 2511–2514 (2009). 
doi:10.1016/j.tsf.2008.11.061 
81. Araki, H., Kubo, Y., Mikaduki, A., Jimbo, K., Maw, W. S., Katagiri, H., 
Yamazaki, M., Oishi, K. & Takeuchi, A. Preparation of Cu2ZnSnS4 thin films by 
sulfurizing electroplated precursors. Sol. Energy Mater. Sol. Cells 93, 996–999 
(2009). doi:10.1016/j.solmat.2008.11.045 
82. Araki, H., Kubo, Y., Jimbo, K., Maw, W. S., Katagiri, H., Yamazaki, M., Oishi, K. 
& Takeuchi, A. Preparation of Cu2ZnSnS4 thin films by sulfurization of co-
electroplated Cu-Zn-Sn precursors. Phys. Status Solidi Curr. Top. Solid State Phys. 




83. Scragg, J. J., Berg, D. M. & Dale, P. J. A 3.2% efficient Kesterite device from 
electrodeposited stacked elemental layers. J. Electroanal. Chem. 646, 52–59 
(2010). doi:10.1016/j.jelechem.2010.01.008 
84. Chan, C. P., Lam, H. & Surya, C. Preparation of Cu2ZnSnS4 films by 
electrodeposition using ionic liquids. Sol. Energy Mater. Sol. Cells 94, 207–211 
(2010). doi:10.1016/j.solmat.2009.09.003 
85. Mkawi, E. M., Ibrahim, K., Ali, M. K. M., Farrukh, M. a. & Mohamed, a. S. 
Dependence of the properties of copper zinc tin sulfide thin films prepared by 
electrochemical deposition on sulfurization temperature. J. Mater. Sci. Mater. 
Electron. 25, 857–863 (2014). doi:10.1007/s10854-013-1657-5 
86. Mkawi, E. M., Ibrahim, K., Ali, M. K. M., Saron, K. M. a., Farrukh, M. a. & 
Allam, N. K. Influence of substrate temperature on the properties of 
electrodeposited kesterite Cu2ZnSnS4 (CZTS) thin films for photovoltaic 
applications. J. Mater. Sci. Mater. Electron. 26, 222–228 (2014). 
doi:10.1007/s10854-014-2387-z 
87. Ananthoju, B., Sonia, F. J., Kushwaha, A., Bahadur, D., Medhekar, N. V. & 
Aslam, M. Improved structural and optical properties of Cu2ZnSnS 4 thin films 
via optimized potential in single bath electrodeposition. Electrochim. Acta 137, 
154–163 (2014). doi:10.1016/j.electacta.2014.05.166 
88. Miyamoto, Y., Tanaka, K., Oonuki, M., Moritake, N. & Uchiki, H. U. Optical 
Properties of Cu2ZnSnS4 Thin Films Prepared by Sol–Gel and Sulfurization 
Method. Jpn. J. Appl. Phys. 47, 596–597 (2008). doi:10.1143/JJAP.47.596 
89. Tanaka, K., Oonuki, M., Moritake, N. & Uchiki, H. Cu2ZnSnS4Cu2ZnSnS4 thin 
film solar cells prepared by non-vacuum processing. Sol. Energy Mater. Sol. Cells 
93, 583–587 (2009). doi:10.1016/j.solmat.2008.12.009 
90. Moritake, N., Fukui, Y., Oonuki, M., Tanaka, K. & Uchiki, H. Preparation of 
Cu2ZnSnS4 thin film solar cells under non-vacuum condition. Phys. Status Solidi 
Curr. Top. Solid State Phys. 6, 1233–1236 (2009). doi:10.1002/pssc.200881158 
91. Yakuphanoglu, F. Nanostructure Cu2ZnSnS4 thin film prepared by sol-gel for 
optoelectronic applications. Sol. Energy 85, 2518–2523 (2011). 
doi:10.1016/j.solener.2011.07.012 
92. Tanaka, K., Fukui, Y., Moritake, N. & Uchiki, H. Chemical composition 
dependence of morphological and optical properties of Cu2ZnSnS4 thin films 
deposited by sol–gel sulfurization and Cu2ZnSnS4 thin film solar cell efficiency. 





93. Xin, H., Katahara, J. K., Braly, I. L. & Hillhouse, H. W. 8% Efficient Cu 2 
ZnSn(S,Se) 4 Solar Cells from Redox Equilibrated Simple Precursors in DMSO. 
Adv. Energy Mater. (2014). doi:10.1002/aenm.201301823 
94. Sun, Y., Zhang, Y., Wang, H., Xie, M., Zong, K., Zheng, H., Shu, Y., Liu, J., Yan, 
H., Zhu, M. & Lau, W. Novel non-hydrazine solution processing of earth-abundant 
Cu2ZnSn(S,Se)4 absorbers for thin-film solar cells. J. Mater. Chem. A 1, 6880–
6887 (2013). doi:10.1039/c3ta10566k 
95. Yang, W., Duan, H., Cha, K. C., Hsu, C., Hsu, W., Zhou, H., Bob, B. & Yang, Y. 
Molecular Solution Approach To Synthesize Electronic Quality Cu2ZnSnS4 Thin 
Films. J. Am. Chem. Soc. 135, 6915–6920 (2013). 
96. Cao, Y., Denny, M. S., Caspar, J. V, Farneth, W. E., Guo, Q., Ionkin, A. S., 
Johnson, L. K., Lu, M., Malajovich, I., Radu, D., Rosenfeld, H. D., Choudhury, K. 
R. & Wu, W. High-efficiency solution-processed Cu2ZnSn(S,Se)4 thin-film solar 
cells prepared from binary and ternary nanoparticles. J. Am. Chem. Soc. 134, 
15644–15647 (2012). doi:10.1021/ja3057985 
97. Duan, H. S., Yang, W., Bob, B., Hsu, C. J., Lei, B. & Yang, Y. The role of sulfur 
in solution-processed Cu2ZnSn(S,Se)4 and its effect on defect properties. Adv. 
Funct. Mater. 23, 1466–1471 (2013). doi:10.1002/adfm.201201732 
98. Guo, Q., Ford, G. G. M., Yang, W.-C. W., Walker, B. C., Stach, E. A., Hillhouse, 
H. W. & Agrawal, R. Fabrication of 7.2% Efficient CZTSSe Solar Cells Using 
CZTS Nanocrystals. J. Am. Chem. Soc. 132, 17384–17386 (2010). 
doi:10.1021/ja108427b 
99. Hages, C. J., Levcenco, S., Miskin, C. K., Alsmeier, J. H., Abou-Ras, D., Wilks, R. 
G., Bär, M., Unold, T. & Agrawal, R. Improved performance of Ge-alloyed 
CZTGeSSe thin-film solar cells through control of elemental losses. Prog. 
Photovoltaics Res. Appl. 23, 376–384 (2013). doi:10.1002/pip.2442 
100. Guo, Q., Ford, G. M., Hillhouse, H. W. & Agrawal, R. Sulfide nanocrystal inks for 
dense Cu(In1-xGax)(S1-ySey)2 absorber films and their photovoltaic performance. 
Nano Lett. 9, 3060–3065 (2009). doi:10.1021/nl901538w 
101. Siebentritt, S. Why are kesterite solar cells not 20% efficient? Thin Solid Films 
535, 1–4 (2013). doi:10.1016/j.tsf.2012.12.089 
102. Rau, U. & Werner, J. H. Radiative efficiency limits of solar cells with lateral band-





103. Chen, S., Yang, J.-H., Gong, X. G., Walsh, A. & Wei, S.-H. Intrinsic point defects 
and complexes in the quaternary kesterite semiconductor Cu2ZnSnS4. Phys. Rev. 
B 81, 245204 (2010). doi:10.1103/PhysRevB.81.245204 
104. Mousel, M., Redinger, A., Djemour, R., Arasimowicz, M., Valle, N., Dale, P. & 
Siebentritt, S. HCl and Br2-MeOH etching of Cu2ZnSnSe4 polycrystalline 
absorbers. Thin Solid Films 535, 83–87 (2013). doi:10.1016/j.tsf.2012.12.095 
105. Redinger, A., Hönes, K., Fontané, X., Izquierdo-Roca, V., Saucedo, E., Valle, N., 
Pérez-Rodríguez, A. & Siebentritt, S. Detection of a ZnSe secondary phase in 
coevaporated Cu2ZnSnSe4 thin films. Appl. Phys. Lett. 98, 101907 (2011). 
doi:10.1063/1.3558706 
106. Ahn, S., Jung, S., Gwak, J., Cho, A., Shin, K., Yoon, K., Park, D., Cheong, H. & 
Yun, J. H. Determination of band gap energy (Eg) of Cu2ZnSnSe4 thin films: On 
the discrepancies of reported band gap values. Appl. Phys. Lett. 97, 1–3 (2010). 
doi:10.1063/1.3457172 
107. Yang, W., Miskin, C. K., Carter, N. J., Agrawal, R. & Stach, E. a. Compositional 
Inhomogeneity of Multinary Semiconductor Nanoparticles: A Case Study of 
Cu2ZnSnS4. Chem. Mater. 26, 6955–6962 (2014). doi:10.1021/cm502930d 
108. Redinger, A., Berg, D. M., Dale, P. J. & Siebentritt, S. The consequences of 
kesterite equilibria for efficient solar cells - Supplementary Information. 
Electroanal. Chem. 
109. Weber, A., Mainz, R. & Schock, H. W. On the Sn loss from thin films of the 
material system Cu–Zn–Sn–S in high vacuum. J. Appl. Phys. 107, 013516 (2010). 
doi:10.1063/1.3273495 
110. Scragg, J. J. S., Choubrac, L., Lafond, A., Ericson, T. & Platzer-Björkman, C. A 
low-temperature order-disorder transition in Cu2ZnSnS4 thin films. Appl. Phys. 
Lett. 104, 041911 (2014). doi:10.1063/1.4863685 
111. Gokmen, T., Gunawan, O., Todorov, T. K. & Mitzi, D. B. Band tailing and 
efficiency limitation in kesterite solar cells. Appl. Phys. Lett. 103, 103506 (2013). 
doi:10.1063/1.4820250 
112. Kanevce, A., Repins, I. & Wei, S.-H. Impact of bulk properties and local 
secondary phases on the Cu2(Zn,Sn)Se4 solar cells open-circuit voltage. Sol. 






113. Hages, C. J., Carter, N. J., Agrawal, R. & Unold, T. Generalized current-voltage 
analysis and efficiency limitations in non-ideal solar cells: Case of 
Cu2ZnSn(SxSe1−x)4 and Cu2Zn(SnyGe1−y)(SxSe1−x)4. J. Appl. Phys. 115, 
234504 (2014). doi:10.1063/1.4882119 
114. Romero, M. J., Du, H., Teeter, G., Yan, Y. & Al-Jassim, M. M. Comparative study 
of the luminescence and intrinsic point defects in the kesterite Cu2ZnSnS4 and 
chalcopyrite Cu(In,Ga)Se2 thin films used in photovoltaic applications. Phys. Rev. 
B - Condens. Matter Mater. Phys. 84, 165324 (2011). 
doi:10.1103/PhysRevB.84.165324 
115. Gokmen, T., Gunawan, O. & Mitzi, D. B. Semi-empirical device model for 
Cu2ZnSn(S,Se)4 solar cells. Appl. Phys. Lett. 105, 033903 (2014). 
doi:10.1063/1.4890844 
116. Grossberg, M., Krustok, J., Raudoja, J. & Raadik, T. The role of structural 
properties on deep defect states in Cu2ZnSnS4 studied by photoluminescence 
spectroscopy. Appl. Phys. Lett. 101, 102102 (2012). doi:10.1063/1.4750249 
117. Teixeira, J. P., Sousa, R. a., Sousa, M. G., da Cunha, a. F., Fernandes, P. a., 
Salomé, P. M. P. & Leitão, J. P. Radiative transitions in highly doped and 
compensated chalcopyrites and kesterites: The case of Cu2ZnSnS4. Phys. Rev. B 
90, 1–10 (2014). doi:10.1103/PhysRevB.90.235202 
118. Halliday, D. P., Claridge, R., Goodman, M. C. J., Mendis, B. G., Durose, K. & 
Major, J. D. Luminescence of Cu2ZnSnS4 polycrystals described by the 
fluctuating potential model. J. Appl. Phys. 113, (2013). doi:10.1063/1.4810846 
119. Redinger, A., Mousel, M., Wolter, M. H., Valle, N. & Siebentritt, S. Influence of 
S/Se ratio on series resistance and on dominant recombination pathway in 
Cu2ZnSn(S,Se)4 thin film solar cells. Thin Solid Films 535, 291–295 (2013). 
doi:10.1016/j.tsf.2012.11.111 
120. Gunawan, O., Todorov, T. K. & Mitzi, D. B. Loss mechanisms in hydrazine-
processed Cu2ZnSn(Se,S)4 solar cells. Appl. Phys. Lett. 97, 233506 (2010). 
doi:10.1063/1.3522884 
121. Shin, B., Zhu, Y., Bojarczuk, N. a., Jay Chey, S. & Guha, S. Control of an 
interfacial MoSe2 layer in Cu2ZnSnSe4 thin film solar cells: 8.9% power 







122. Wu, W., Cao, Y., Caspar, J. V., Guo, Q., Johnson, L. K., Malajovich, I., 
Rosenfeld, H. D. & Choudhury, K. R. Studies of the fine-grain sub-layer in the 
printed CZTSSe photovoltaic devices. J. Mater. Chem. C 2, 3777 (2014). 
doi:10.1039/c4tc00391h 
123. Moore, J. E., Dongaonkar, S., Chavali, R. V. K., Alam, M. A. & Lundstrom, M. S. 
Correlation of Built-In Potential and I–V Crossover in Thin-Film Solar Cells. 
IEEE J. Photovoltaics 4, 1138–1148 (2014). 
doi:10.1109/JPHOTOV.2014.2316364 
124. Hegedus, S. S. & Shafarman, W. N. Thin-Film Solar Cells: Device Measurements 
and Analysis. Prog. Photovoltaics Res. Appl. 12, 155–176 (2004). 
doi:10.1002/pip.518 
125. Hages, C. J., Moore, J., Dongaonkar, S., Alam, M. & Lundstrom, M. Device 
Limitations and Light-Soaking Effects in CZTSSe and CZTGeSSe. in Proc. 38th 
IEEE Photovoltaics Spec. Conf. 2658–2663 (2012). 
126. Redinger, A., Berg, D. M., Dale, P. J. & Siebentritt, S. The consequences of 
kesterite equilibria for efficient solar cells. J. Am. Chem. Soc. 133, 3320–3323 
(2011). doi:10.1021/ja111713g 
127. Carter, N. J., Yang, W., Miskin, C. K., Hages, C. J., Stach, E. A. & Agrawal, R. 
Cu2ZnSn(S,Se)4 solar cells from inks of heterogeneous Cu–Zn–Sn–S 
nanocrystals. Sol. Energy Mater. Sol. Cells 123, 189–196 (2014). 
doi:10.1016/j.solmat.2014.01.016 
128. Fernandes, P. A., Salomé, P. M. P. & da Cunha, A. F. Study of polycrystalline 
Cu2ZnSnS4 films by Raman scattering. J. Alloys Compd. 509, 7600–7606 (2011). 
doi:10.1016/j.jallcom.2011.04.097 
129. Alvarez-garcía, J., Izquierdo-roca, V. & Alejandro, P. in Adv. Charact. Tech. Thin 
Film Sol. Cells (eds. Abou-Ras, D., Kirchartz, T. & Rau, U.) 365–386 (Wiley-
VCH, 2011). 
130. Su, Z., Sun, K., Han, Z., Liu, F., Lai, Y., Li, J. & Liu, Y. Fabrication of ternary 
Cu–Sn–S sulfides by a modified successive ionic layer adsorption and reaction 
(SILAR) method. J. Mater. Chem. 22, 16346–16352 (2012). 
doi:10.1039/c2jm31669b 
131. Grossberg, M., Krustok, J., Raudoja, J., Timmo, K., Altosaar, M. & Raadik, T. 
Photoluminescence and Raman study of Cu2ZnSn(SexS1−x)4 monograins for 





132. Marcano, G., Rincón, C., López, S. a., Sánchez Pérez, G., Herrera-Pérez, J. L., 
Mendoza-Alvarez, J. G. & Rodríguez, P. Raman spectrum of monoclinic 
semiconductor Cu2SnSe3. Solid State Commun. 151, 84–86 (2011). 
doi:10.1016/j.ssc.2010.10.015 
133. Garg, A. X. Concentration dependent vibrational mode behaviour in the mixed 
crystal system SnSxSe2-x. J. Mol. Struct. 247, 47–60 (1991). 
134. Baganich, A. A., Mikla, V. I., Semak, D. G., Sokolov, A. P. & Shebanin, A. P. 
Raman Scattering in Amorphous Selenium Molecular Structure and Photoinduced 
Crystallization. Phys. Status Solidi B 297, 297–302 (1991). 
135. Levi, Z., Bineva, I. & Nesheva, D. Raman Scattering from ZnSe Nanolayers. Acta 
Phys. Pol. A 116, 75–77 (2009). 
136. Patterson, A. L. The Scherrer Formula for X-ray Particle Size Determination. 
Phys. Rev. 56, 978–982 (1939). 
137. Mainz, R., Walker, B. C., Schmidt, S. S., Zander, O., Weber, A., Rodriguez-
Alvarez, H., Just, J., Klaus, M., Agrawal, R. & Unold, T. Real-time observation of 
Cu2ZnSn(S,Se)4 solar cell absorber layer formation from nanoparticle precursors. 
Phys. Chem. Chem. Phys. 15, 18281–18289 (2013). doi:10.1039/c3cp53373e 
138. Carter, N. J., Mainz, R., Walker, B. C., Hages, C. J., Just, J., Klaus, M., Schmidt, 
S. S., Weber, A., Yang, W.-C., Zander, O., Stach, E. A., Unold, T. & Agrawal, R. 
The role of interparticle heterogeneities in the selenization pathway of Cu-Zn-Sn-S 
nanoparticle thin films: A real-time study. J. Mater. Chem. C Accepted (2015). 
doi: 10.1039/C5TC01139F 
139. Rodriguez-Alvarez, H., Kötschau, I. M. & Schock, H. W. Pressure-dependent real-
time investigations on the rapid thermal sulfurization of Cu–In thin films. J. Cryst. 
Growth 310, 3638–3644 (2008). doi:10.1016/j.jcrysgro.2008.05.005 
140. Genzel, C., Denks, I. a., Coelho, R., Thomas, D., Mainz, R., Apel, D. & Klaus, M. 
Exploiting the features of energy-dispersive synchrotron diffraction for advanced 
residual stress and texture analysis. J. Strain Anal. Eng. Des. 46, 615–625 (2011). 
doi:10.1177/0309324711403824 
141. McMurdie, H. F., Morris, M. C., Evans, E. H., Paretzkin, B., Wong-Ng, W. & 
Hubbard, C. R. Standard X-Ray Diffraction Powder Patterns from The JCPDS 






142. Sharma, B. B., Ayyar, R. & Singh, H. Stability of the Tetrahedral Phase in the 
AI2BIVCVI3 Group of Compounds. Phys. Status Solidi 40, 691–696 (1977). 
doi:10.1002/pssa.2210400237 
143. Delgado, G. E., Mora, a. J., Marcano, G. & Rincón, C. Crystal structure refinement 
of the semiconducting compound Cu2SnSe3 from X-ray powder diffraction data. 
Mater. Res. Bull. 38, 1949–1955 (2003). doi:10.1016/j.materresbull.2003.09.017 
144. Brandl, M., Ahmad, R., Distaso, M., Azimi, H., Hou, Y., Peukert, W., Brabec, C. 
J. & Hock, R. In-situ X-ray diffraction analysis of the recrystallization process in 
Cu2ZnSnS4 nanoparticles synthesised by hot-injection. Thin Solid Films 582, 
269–271 (2015). doi:10.1016/j.tsf.2014.10.077 
145. Olekseyuk, I. D., Dudchak, I. V. & Piskach, L. V. Phase equilibria in the Cu2S-
ZnS-SnS2 system. J. Alloys Compd. 368, 135–143 (2004). 
doi:10.1016/j.jallcom.2003.08.084 
146. Dudchak, I. V. & Piskach, L. V. Phase equilibria in the Cu2SnSe3–SnSe2–ZnSe 
system. J. Alloys Compd. 351, 145–150 (2003). doi:10.1016/S0925-
8388(02)01024-1 
147. Lai, S., Guo, J., Petrova, V., Ramanath, G. & Allen, L. Size-Dependent Melting 
Properties of Small Tin Particles: Nanocalorimetric Measurements. Phys. Rev. 
Lett. 77, 99–102 (1996). doi:10.1103/PhysRevLett.77.99 
148. Fella, C. M., Uhl, A. R., Hammond, C., Hermans, I., Romanyuk, Y. E. & Tiwari, 
A. N. Formation mechanism of Cu2ZnSnSe4 absorber layers during selenization 
of solution deposited metal precursors. J. Alloys Compd. 567, 102–106 (2013). 
doi:10.1016/j.jallcom.2013.03.056 
149. Mainz, R., Weber, A., Rodriguez-Alvarez, H., Levcenko, S., Klaus, M., Pistor, P., 
Klenk, R. & Schock, H. Time-resolved investigation of Cu(In,Ga)Se 2 growth and 
Ga gradient formation during fast selenisation of metallic precursors. Prog. 
Photovoltaics Res. Appl. Available online (2014). doi:10.1002/pip.2531 
150. Klenk, R., Walter, T., Schock, H.-W. & Cahen, D. A model for the successful 
growth of polycrystalline films of CuInSe2 by multisource physical vacuum 
evaporation. Adv. Mater. 5, 114–119 (1993). doi:10.1002/adma.19930050209 
151. Kim, W. K., Payzant, E. a., Anderson, T. J. & Crisalle, O. D. In situ investigation 
of the selenization kinetics of Cu–Ga precursors using time-resolved high-






152. Walker, B. C. & Agrawal, R. Grain growth enhancement of selenide CIGSe 
nanoparticles to densified films using copper selenides. in 2012 38th IEEE 
Photovolt. Spec. Conf. 002654–002657 (IEEE, 2012). 
doi:10.1109/PVSC.2012.6318141 
153. Connor, S. T., Hsu, C.-M., Weil, B. D., Aloni, S. & Cui, Y. Phase transformation 
of biphasic Cu2S-CuInS2 to monophasic CuInS2 nanorods. J. Am. Chem. Soc. 
131, 4962–4966 (2009). doi:10.1021/ja809901u 
154. Kruszynska, M., Borchert, H., Parisi, J. & Kolny-Olesiak, J. Synthesis and shape 
control of CuInS2 nanoparticles. J. Am. Chem. Soc. 132, 15976–15986 (2010). 
doi:10.1021/ja103828f 
155. Guo, Q., Kim, S. J., Kar, M., Shafarman, W. N., Birkmire, R. W., Stach, E. A., 
Agrawal, R. & Hillhouse, H. W. Development of CuInSe2 nanocrystal and 
nanoring inks for low-cost solar cells. Nano Lett. 8, 2982–7 (2008). 
doi:10.1021/nl802042g 
156. Kar, M., Agrawal, R. & Hillhouse, H. W. Formation pathway of CuInSe2 
nanocrystals for solar cells. J. Am. Chem. Soc. 133, 17239–17247 (2011). 
doi:10.1021/ja204230d 
157. Collord, A. D. & Hillhouse, H. W. Composition Control and Formation Pathway 
of CZTS and CZTGS Nanocrystal Inks for Kesterite Solar Cells. Chem. Mater. 27, 
1855–1862 (2015). doi:10.1021/acs.chemmater.5b00104 
158. Nozaki, H., Shibata, K., Onoda, M., Yukino, K. & Ishii, M. Phase transition of 
copper selenide studied by powder x-ray diffractometry. Mater. Res. Bull. 29, 203–
211 (1994). doi:10.1016/0025-5408(94)90141-4 
159. Thompson, J. O., Anderson, M. D., Ngai, T., Allen, T. & Johnson, D. C. 
Nucleation and growth kinetics of co-deposited copper and selenium precursors to 
form metastable copper selenides. J. Alloys Compd. 509, 9631–9637 (2011). 
doi:10.1016/j.jallcom.2011.07.042 
160. Uhl, A. R., Fuchs, P., Rieger, A., Pianezzi, F., Sutter-Fella, C. M., Kranz, L., 
Keller, D., Hagendorfer, H., Romanyuk, Y. E., LaMattina, F., Yoon, S., Karvonen, 
L., Magorian-Friedlmeier, T., Ahlswede, E., VanGenechten, D., Stassin, F. & 
Tiwari, A. N. Liquid-selenium-enhanced grain growth of nanoparticle precursor 
layers for CuInSe 2 solar cell absorbers. Prog. Photovoltaics Res. Appl. (2014). 
doi:10.1002/pip.2529 
161. Cohen, K., Rivet, J. & Dugué, J. Description of the Cu-As-Se ternary system. J. 




162. Feutelais, Y., Majid, M., Legendre, B. & Frics, S. G. Phase diagram investigation 
and proposition of a thermodynamic evaluation of the Tin-Selenium system. J. 
Phase Equilibria 17, 40–49 (1996). doi:10.1007/BF02648368 
163. Sharma, R. C. & Chang, Y. A. The Se-Zn (Selenium-Zinc) System. J. Phase 
Equilibria 17, 155–160 (1996). 
164. Carter, N. J., Hages, C. J., Moore, J. E., Mcleod, S. M., Miskin, C. K., Lundstrom, 
M. S. & Agrawal, R. Analysis of Temperature-Dependent Current-Voltage 
Characteristics for CIGSSe and CZTSSe Thin Film Solar Cells from Nanocrystal 
Inks. in Proc. 39th IEEE Photovoltaics Spec. Conf. 3062 – 3065 (2013). 
doi:10.1109/PVSC.2013.6745107 
165. Guo, Q., Ford, G. M., Agrawal, R. & Hillhouse, H. W. Ink formulation and low-
temperature incorporation of sodium to yield 12% efficient Cu(In,Ga)(S,Se) 2 
solar cells from sulfide nanocrystal inks. Prog. Photovoltaics Res. Appl. 21, 64–71 
(2013). doi:10.1002/pip.2200 
166. Todorov, T., Tang, J., Bag, S., Gunawan, O., Gokmen, T., Zhu, Y. & Mitzi, D. B. 
Beyond 11% Efficiency: Characteristics of State-of-the-Art Cu2ZnSn(S,Se)4 Solar 
Cells. Adv. Energy Mater. 3, 34–38 (2013). doi:10.1002/aenm.201200348 
167. Rau, U., Jasenek, A., Schock, H. W., Engelhardt, F. & Meyer, T. Electronic loss 
mechanisms in chalcopyrite based heterojunction solar cells. Thin Solid Films 361-
362, 298–302 (2000). doi:10.1016/S0040-6090(99)00762-2 
168. Liu, X. X. & Sites, J. R. Solar-cell collection efficiency and its variation with 
voltage. J. Appl. Phys. 75, 577 (1994). doi:10.1063/1.355842 
169. Troviano, M. & Taretto, K. Analysis of internal quantum efficiency in double-
graded bandgap solar cells including sub-bandgap absorption. Sol. Energy Mater. 
Sol. Cells 95, 821–828 (2011). doi:10.1016/j.solmat.2010.10.028 
170. Varshni, Y. P. Temperature dependence of the energy gap in semiconductors. 
Physica 34, 149–154 (1967). doi:10.1016/0031-8914(67)90062-6 
171. Bludau, W., Onton, a. & Heinke, W. Temperature dependence of the band gap of 
silicon. J. Appl. Phys. 45, 1846–1848 (1974). doi:10.1063/1.1663501 
172. Lautenschlager, P., Garriga, M., Vina, L. & Cardona, M. Temperature dependence 
of the dielectric function and interband critical points in silicon. Phys. Rev. B 36, 





173. Biswas, K., Lany, S. & Zunger, A. The electronic consequences of multivalent 
elements in inorganic solar absorbers: Multivalency of Sn in Cu[sub 2]ZnSnS[sub 
4]. Appl. Phys. Lett. 96, 201902 (2010). doi:10.1063/1.3427433 
174. Scheer, R. Activation energy of heterojunction diode currents in the limit of 
interface recombination. J. Appl. Phys. 105, 104505 (2009). 
doi:10.1063/1.3126523 
175. Werner, J. H. & Güttler, H. H. Barrier inhomogeneities at Schottky contacts. J. 
Appl. Phys. 69, 1522–1533 (1991). doi:10.1063/1.347243 
176. Hegedus, S., Desai, D. & Thompson, C. Voltage dependent photocurrent 
collection in CdTe/CdS solar cells. Prog. Photovoltaics Res. Appl. 15, 587–602 
(2007). doi:10.1002/pip.767 
177. Sarswat, P. K. & Free, M. L. A study of energy band gap versus temperature for 
Cu2ZnSnS4 thin films. Phys. B Condens. Matter 407, 108–111 (2012). 
doi:10.1016/j.physb.2011.09.134 
178. Scheer, R. & Schock, H.-W. in Chalcogenide Photovoltaics Physics, Technol. Thin 
Film Devices 9–127 (Wiley-VCH Verlag GmbH & Co. KGaA, 2011). 
doi:10.1002/9783527633708 
179. Hages, C. J., Carter, N. J., Moore, J., Mcleod, S. M., Miskin, C. K., Lundstrom, M. 
S. & Agrawal, R. Device Comparison of Champion Nanocrystal-Ink based 
CZTSSe and CIGSSe Solar Cells: Capacitance Spectroscopy. in Proc. 39th IEEE 
Photovoltaics Spec. Conf. 1966 – 1971 (2013). doi:10.1109/PVSC.2013.6744856 
180. Gokmen, T., Gunawan, O. & Mitzi, D. B. Minority carrier diffusion length 
extraction in Cu2ZnSn(Se,S)4 solar cells. J. Appl. Phys. 114, 114511 (2013). 
doi:10.1063/1.4821841 
181. Sites, J. R., Tavakolian, H. & Sasala, R. A. Analysis of apparent quantum 
efficiency. Sol. Cells 29, 39–48 (1990). doi:10.1016/0379-6787(90)90013-U 
182. Tiedje, T. Band tail recombination limit to the output voltage of amorphous silicon 
solar cells. Appl. Phys. Lett. 40, 627–629 (1982). doi:10.1063/1.93168 
183. Kirchartz, T., Pieters, B. E., Kirkpatrick, J., Rau, U. & Nelson, J. Recombination 
via tail states in polythiophene:fullerene solar cells. Phys. Rev. B - Condens. 
Matter Mater. Phys. 83, 1–13 (2011). doi:10.1103/PhysRevB.83.115209 
184. Lindholm, F. a., Fossum, J. G. & Burgess, E. L. Application of the superposition 





185. Chavali, R. V. K., Moore, J. E., Wang, X., Alam, M. A., Lundstrom, M. S. & 
Gray, J. L. The Frozen Potential Approach to Separate the Photocurrent and Diode 
Injection Current in Solar Cells. IEEE J. Photovoltaics 5, 865–873 (2015). 
doi:10.1109/JPHOTOV.2015.2405757 
186. Kohler, L., Carter, N. J., Alsmeier, J. H., Wilks, R. G., Agrawal, R. & Bär, M. 
Surface composition of polished CZTSSe absorbers as derived by XPS. in 4th Eur. 
Kesterite Work. (2013). 
187. Moore, J. E., Hages, C. J., Carter, N. J., Agrawal, R. & Lundstrom, M. S. The 
physics of Vbi-related IV crossover in thin film solar cells: applications to ink 
deposited CZTSSe. in Proc. 39th IEEE Photovoltaics Spec. Conf. 3255 – 3259 
(2013). doi:10.1109/PVSC.2013.6745146 
188. Li, M., Zhou, W. H., Guo, J., Zhou, Y. L., Hou, Z. L., Jiao, J., Zhou, Z. J., Du, Z. 
L. & Wu, S. X. Synthesis of pure metastable wurtzite CZTS nanocrystals by facile 
one-pot method. J. Phys. Chem. C 116, 26507–26516 (2012). 
doi:10.1021/jp307346k 
189. Hages, C. J. & Agrawal, R. in Copp. Zinc Tin Sulfide-Based Thin Film Solar Cells 
(ed. Ito, K.) 239–270 (Wiley, 2015). 
190. Bernert, T. & Pfitzner, A. Cu2MnMIVS4 (MIV= Si, Ge, Sn)—analysis of crystal 
structures and tetrahedra volumes of normal tetrahedral compounds. Zeitschrift für 
Krist. (2005). at <http://www.oldenbourg-
link.com/doi/abs/10.1524/zkri.2005.220.11_2005.968> 
191. Fukushima, T., Yamauchi, K. & Picozzi, S. Magnetically induced ferroelectricity 
in Cu 2 MnSnS 4 and Cu 2 MnSnSe 4. Energy (2010). 
192. Nenert, G. & Palstra, T. T. M. Magnetoelectric and multiferroic properties of 
ternary copper chalcogenides Cu 2 M II M IV S 4. 176002, (2009). 
doi:10.1088/0953-8984/21/17/176002 
193. Fries, T., Shapira, Y., Palacio, F., Moron, M. C., Mcintyre, G. J., Kershaw, R., 
Wold, A. & Mcniff, E. J. Magnetic ordering of the antiferromagnetic Cu2MnSnS4 
from magnetization and neutron-scattering measurements. Phys. Rev. B 56, 5424–
5431 (1997). 
194. Liang, X., Guo, P., Wang, G., Deng, R., Pan, D. & Wei, X. Dilute magnetic 
semiconductor Cu2MnSnS4 nanocrystals with a novel zincblende and wurtzite 





195. Chen, L. L., Deng, H. M., Zhang, K. Z., Huang, L., Liu, J., Sun, L., Yang, P. X. & 
Chu, J. H. Structural and Optical Properties of Cu2MnSnS4 Thin Film Fabricated 
by Sol-Gel Technique. Mater. Sci. Forum 814, 39–43 (2015). 
doi:10.4028/www.scientific.net/MSF.814.39 
196. Chen, L., Deng, H., Tao, J., Zhou, W., Sun, L., Yue, F., Yang, P. & Chu, J. 
Influence of annealing temperature on structural and optical properties of 
Cu2MnSnS4 thin films fabricated by sol–gel technique. J. Alloys Compd. 640, 23–
28 (2015). doi:10.1016/j.jallcom.2015.03.225 
197. Mccabe, G. H., Fries, T., Liu, M. T., Shapira, Y., Ram-Mohan, L. R., Kershaw, R., 
Wold, A., Fau, C., Averous, M. & Mcniff, E. J. Bound magnetic polarons in p-type 
Cu2Mn0.9Zn0.1SnS4. Phys. Rev. B 56, 6673–6680 (1997). 
198. Quintero, E., Quintero, M., Moreno, E., Lara, L., Morocoima, M., Pineda, F., 
Grima, P., Tovar, R., Bocaranda, P., Henao, J. a. & Macías, M. a. Magnetic 
properties for the Cu2MnSnSe4 and Cu2FeSnSe4 compounds. J. Phys. Chem. 
Solids 71, 993–998 (2010). doi:10.1016/j.jpcs.2010.04.010 
199. Ram-Mohan - Energetics of acceptor-bound magnetic polarons in diluted magnetic 
semiconductors.pdf. 
200. Johnson, M. & Silsbee, R. H. Interfacial charge-spin coupling: Injection and 
detection of spin magnetization in metals. Phys. Rev. Lett. 55, 1790–1793 (1985). 
doi:10.1103/PhysRevLett.55.1790 
201. Chiolerio, A. Spintronic Devices. (2009). 
202. Prinz, G. a. Magnetoelectronics. Science (80-. ). 282, 1660–1663 (1998). 
doi:10.1126/science.282.5394.1660 
203. Chen, S., Walsh, A., Yang, J.-H., Gong, X. G., Sun, L., Yang, P.-X., Chu, J.-H. & 
Wei, S.-H. Compositional dependence of structural and electronic properties of 
Cu2ZnSn(S,Se)4 alloys for thin film solar cells. Phys. Rev. B 83, 125201 (2011). 
doi:10.1103/PhysRevB.83.125201 
204. Chen, S., Gong, X., Walsh, A. & Wei, S.-H. Electronic structure and stability of 
quaternary chalcogenide semiconductors derived from cation cross-substitution of 
II-VI and I-III-VI2 compounds. Phys. Rev. B 79, 1–10 (2009). 
doi:10.1103/PhysRevB.79.165211 
205. Brammertz, G., Buffière, M., Oueslati, S., ElAnzeery, H., Ben Messaoud, K., 
Sahayaraj, S., Köble, C., Meuris, M. & Poortmans, J. Characterization of defects in 










Appendix A. Chapter 2 Supplemental Information 
A.1 Nanoparticle Size Analysis 
 
The size of small and large nanoparticles were measured based on TEM bright-
field images which were obtained using FEI Tecnai 20. The bright-field images were first 
converted into binary images which only contained black objects (nanoparticles) on a 
white background in ImageJ. Then, the nanoparticles were outlined and analyzed in 
ImageJ. The size of individual nanoparticles was measured as Feret diameter and then 
prepared into histograms to show the size distribution in Figure A1. 
 
 
Figure A1 The size distribution of (a) small particles and (b) large particles that were 
measured based on TEM bright-field images in ImageJ.  The numberical labels along the 
horizontal axis represent the largest Feret diameter measured for particles in a given bin.  
For example, nearly 35% of the small particles were observed to have a Feret diameter 








A.2 Nanocrystal Composition Analysis 
 
Examining the elemental composition of R1 small, large, and mixed particles 
(rather than the cation ratios presented in the main text) facilitates a better understanding 
of deviations from the target composition.  Specifically, studying the percent deviation 
( %dev. , defined by Equation A1) of a given cation/sulfur ratio for a particular sample 
elucidates whether the sample is rich or deficient in that cation. 
 








=    (A1) 
 
In Equation A1, i/SX  is the ratio of cation X  to sulfur either for the 
experimental sample or for calculated ratios assuming the target Cu1.74Zn1.05SnS4 
stoichiometry. 
 










Small 0.40 (12%) 0.10 (-53%) 0.27 (34%) 0.77 (-19%) 
Large 0.32 (-15%) 0.32 (39%) 0.19 (-14%) 0.82 (-13%) 
Mixed 0.35 (-7%) 0.25 (9%) 0.22 (3%) 0.82 (-13%) 
Target 0.44 0.26 0.25 0.95 
a) Average values were calculated in the same manner as in Table 3.1.  The percent 
deviation from the target value ( %dev. ) was calculated according to Equation S1.  For 
the single cation/S ratios, the target value ( target/SX ) was scaled by the %dev.  for the 





The data in Table A1 demonstrate that the mixed particle composition does not 
deviate significantly from the target, while the large particles are particularly Zn-rich and 
the small particles are Zn-poor but Sn-rich. 
 
 
A.3 Peak Fitting for Raman and XRD Data 
 
Raman spectra for R1 small, large, and mixed particles and selenized films and 
XRD data for the selenized films were fit using a linear superposition of Gaussian and 
Lorentzian distributions according to Equation A2: 
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where A  is the peak amplitude, ω  is the peak FWHM, cx  is the location of the peak 
maximum, and g  is the weighting factor for the Gaussian contribution to the peak shape.  
The fitted peaks for the Raman and XRD data are displayed in Figure 3.3 and Figure 3.5 
in the main text. 
 
 
A.4 Device Performance Characterization 
 
Current-voltage characteristics both in the dark and under illumination for devices 






Figure A2 Current-voltage characteristices under illumination and in the dark for solar 
cells fabricated from R1 large (A), R1 mixed (B), R2 large (C), and R2 mixed (D) 
particles. 
 
Analysis of the illuminated current-voltage characteristics reveals that Voc 






Appendix B. Chapter 3 Supplemental Information 
Table B1 Peak locations for fluorescence and diffraction signals in EDXRD spectra. 
Photon Energy (keV) Type of Signal Source of Signal 
11.1 Fluorescence Se Kα 
12.4 Fluorescence Se Kβ 
17.4 Fluorescence Mo Kα 
19.6 Fluorescence Mo Kβ 
22.4 Diffraction CZTSe 101 
25.2 Fluorescence Sn Kα 
28.5 Fluorescence Sn Kβ 
33.7 Diffraction CuSe 101 
34.3 Diffraction Cu2-δSe 111 
34.8 Diffraction CZTSe 112 
35.7 Diffraction CuSe 102 
36.6 Diffraction CZTS 112 
39.7 Diffraction CuSe 006 
51.4 Diffraction Mo 110 
56.1 Diffraction Cu2-δSe 220 
56.8 Diffraction CZTSe 204 





             
 
Figure B1 Full-range EDXRD data for fast heating of (a) large, (b) mixed, and (c) small 







              
 
Figure B2 Full-range EDXRD data for slow heating of (a) large, (b) mixed, and (c) small 







Appendix C. Chapter 4 Supplemental Information 
C.1 Temperature-Dependent Current-Voltage Characteristics 
 
Figure C1 Dark current-voltage characteristics of CIGSSe (top) and CZTSSe (bottom) 
solar cells at temperatures from 77 to 350 K.  The arrow points in the direction of 
increasing temperature. 
 
C.2 Recombination-Limited Collection Due to a Blocking Barrier 
 A barrier due to a heterojunction band offset can also lead to a voltage-
dependence in the QE response affecting all carriers equally.124,178  Varying the S/(S+Se) 
ratio in the CZTSSe absorber tunes the bandgap of the material via changes in the 
conduction band minimum and valence band maximum.  As a result, two possible band 
alignments exist between the CZTSSe absorber and the CdS buffer based on the value of 




CZTSSe is higher than that in CdS, leading to a “cliff” type band alignment; however, for 
lower relative sulfur content, the conduction band in CZTSSe is lower than in CdS and 
results in a “spike” in the CdS conduction band at the interface.113,203,204  Since the 
bandgap of CdS is much greater than that of even CZTS (i.e. S/(S+Se)=1), a large 
valence band offset exists between CdS and CZTSSe for all values of S/(S+Se) and 
serves as a beneficial hole-blocking barrier.  The different conduction band alignments 
give rise to their own issues.  While higher sulfur content in CZTSSe leads to a higher 
bandgap and, in turn, theoretical VOC, the “cliff” offset at the interface has been proposed 
to serve as a recombination center for photogenerated electrons passing from the absorber 
into the buffer; this effect may contribute to the general experimental observation that 
despite absolute VOC improvements with increased S/(S+Se) content in CZTSSe 
absorbers, the VOC deficit (Eg/q-VOC) in CZTSSe/CdS devices is also found to increase 
with the absorber band gap.15,18,20,25,99,205 
 In the case of a "spike" band alignment, the difference in the absorber and buffer 
conduction bands at the interface, ΔEc, represents a barrier to the flow of photogenerated 
electrons.  A small spike (ΔEc > 0) may be beneficial to solar cell performance (provided 
it does not represent a significant barrier to current flow), since it ensures the interface 
band gap is equal to the absorber band gap at the interface.  In the case of a cliff 
alignment, the interface band gap is reduced to the difference between the buffer 
conduction band and the absorber valence band, and such a reduced interface band gap 
leads to parasitic Schockley-Read-Hall recombination.178  Nonetheless, the limiting 
saturation current able to surpass a spike interface barrier is described by the thermionic 




𝐽𝐽0,𝑇𝑇𝐸𝐸(𝑇𝑇,𝑉𝑉) = 14 𝑞𝑞𝑣𝑣𝑡𝑡ℎ(𝑇𝑇)𝑛𝑛𝑎𝑎,𝐼𝐼𝐹𝐹(𝑇𝑇,𝑉𝑉)exp �− ∆𝐸𝐸𝑐𝑐𝑘𝑘𝑇𝑇 �      (C1a) 
𝑛𝑛𝑎𝑎,𝐼𝐼𝐹𝐹(𝑇𝑇,𝑉𝑉) = 𝑁𝑁𝐷𝐷,𝑎𝑎exp �𝑞𝑞(𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉)𝑘𝑘𝑇𝑇 �      (C1b) 
where q is the elementary charge, k is the Boltzmann constant, vth is the electron thermal 
velocity, na,IF is the density of electrons at the interface, and ND,a is the density of free 
electrons in the bulk absorber.  Under increasing forward bias, the band bending and 
electron density at the interface decrease, and the conduction band offset becomes an 
increasingly significant limitation to the collected photocurrent.  In one extreme case 
where J0,TE is much greater than the photogenerated current, Jgen, all of the 
photogenerated current is collected; however, in the other extreme, J0,TE is much less than 
Jgen, and thus only J0,TE is collected.178  As a result, the collected current Jcoll can be 
proportionally related to the ratio of the product of J0,TE and Jgen to their sum: 
𝐽𝐽𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 ∝
𝐽𝐽𝑔𝑔𝑔𝑔𝑡𝑡𝐽𝐽0,𝑇𝑇𝐸𝐸(𝑇𝑇,𝑉𝑉)
𝐽𝐽𝑔𝑔𝑔𝑔𝑡𝑡+𝐽𝐽0,𝑇𝑇𝐸𝐸(𝑇𝑇,𝑉𝑉)          (C2) 
 It follows that ƒV is given by 
𝑓𝑓𝑉𝑉(𝑇𝑇,𝑉𝑉) ≡ 𝐽𝐽𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝐽𝐽𝑔𝑔𝑔𝑔𝑡𝑡 = 𝜃𝜃′𝐽𝐽0,𝑇𝑇𝐸𝐸(𝑇𝑇,𝑉𝑉)𝐽𝐽𝑔𝑔𝑔𝑔𝑡𝑡+𝜃𝜃′𝐽𝐽0,𝑇𝑇𝐸𝐸(𝑇𝑇,𝑉𝑉) = 𝜃𝜃(𝑇𝑇)exp�𝑞𝑞(𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉)𝑘𝑘𝑇𝑇 �1+𝜃𝜃(𝑇𝑇)exp�𝑞𝑞(𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉)
𝑘𝑘𝑇𝑇
�
        (C3) 
where θ’ and θ are proportionality constants at a given temperature.  Incidentally, the 
temperature dependence of θ is related to the magnitude of the conduction band offset, 
indicating investigation of temperature-dependent EQE response at forward bias would 
allow the determination of ΔEc.  Figure # demonstrates the excellent fit of Eqn. # to the 
experimental data (IQE/IQEλ vs. V), using Vbi estimated from measured capacitance-
voltage characteristics and θ(300 K) as the single fitting parameter.  Equation # can be 











       (C4) 
This form of the equation follows the same voltage dependence as Equation 4.27 without 
applying the Boltzmann approximation.  Thus, we cannot rule out the possibility that the 
expected “spike” conduction band alignment between CdS and CZTSSe may contribute 
to the significant reduction in ƒV at far forward bias.   
 If a blocking barrier is indeed at least partially responsible for the measured 
voltage-dependent collection, this scenario would be consistent with our earlier finding 
that alloying Ge with CZTSSe resulted in superior collection in this forward bias regime, 
since the substitution of Ge with Sn in CZTGeSSe tunes the bandgap by increasing the 
conduction band minimum (and thus reducing ΔEc).  Investigation of the biased EQE 
response for CZTGeSSe/CdS devices with varying Ge/(Sn+Ge) content as well as the 
temperature dependence of the EQE response at a given bias is necessary to determine 
the extent to which a blocking barrier causes voltage-dependent collection in CZTSSe 
solar cells.  If the blocking barrier model does apply, determining the behavior of θ(T) for 
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